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Dopamine (DA) is one of the catecholamine neurotransmitters. It plays an 

important role in the functioning of the central nervous, renal and hormonal systems. 

Dysregulation of dopaminergic neurotransmission is associated with attention deficit 

hyperactivity disorder, mood disorders, Parkinson’s disease, Huntington’s disease and 

schizophrenia. Determination of DA is a subject of great importance and finding selective 

methods for its quantification in the presence of high levels of ascorbic acid (AA) and 

uric acid (UA), Norepinephrine (NE), and Serotonin (SE) in body fluids is relatively 

complicated. Common instrumental techniques like electrophoresis, chromatography, 

high performance liquid chromatography and spectrophotometry have been widely used 

for the determination of DA. However, such methods of detection are often sophisticated 

and very expensive. As DA shows very strong electrochemical activity, electrochemical 

techniques appear to be strong candidates for its detection, offering advantages such as 
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simplicity, fast response and ease of application. Since interferents such as ascorbic acid 

(AA) and uric acid (UA), and other neurotransmitters may have close oxidation potentials 

to DA, the aim of my thesis is to design a chitosan-catechol modified electrochemical 

sensor to achieve not only good sensitivity but also a high degree of selectivity for the 

determination of DA. Using a catechol-based system for the determination of DA is 

advantageous due to chitosan being considered as a promising material for modification 

of the electrode surface due to its excellent film-forming ability, good stability, high 

permeability toward water, and strong adherence to the electrode surface. Catechol on the 

other hand amplifies the detection of DA because DA is a catechol-like phenolic 

compound. Carbon nanotubes, graphene and gold electrodes will be coated with chitosan 

and catechol via electrodeposition. The novelty in our work is the coating of the 

substrates with chitosan-catechol (CS-CC), enhancing the dopamine response. The 

electrodes were prepared by electrodepositing a CS-CC composite film via cyclic 

voltammetry (CV). We then performed dose-response for each set of electrodes (bare 

CNT, bare GR, and coated CNT as well as coated GR). Finally, we tested the electrodes 

in cerebro-spinal fluid (artificial and human), thus demonstrating the application of the 

fabricated sensors for detection of lower levels of dopamine. The electrodes exhibited 

highly sensitive response (2.03 mA mol-1 L , 1.446 mA mol-1 L, 0.02975 mA mol-1 L, 

and 0.0559 mA mol-1 L respectively for modified CNT, bare CNT, modified GR and 

bare GR)  to the oxidation of DA with enhanced current signal on the modified CNT 

electrodes. The oxidation peak current of CV was proportional to the concentration of 

DA in the range from 50×10-9 to 50x10-6 M. For the human CSF testing, dopamine 
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recovery rates of 49-78% and 65-65% were obtained using the coated graphene and CNT 

electrodes respectively. Our results indicate that the CS-CC modified CNT electrodes 

achieved the best recovery, sensitivity, and selectivity. Cathodic charge storage capacity 

(cCSC), resistance and phase were also evaluated for all electrode type to analyze the 

behavior of the electrode over time in both dry and wet conditions. The results indicated 

that the CS-CC coating and the dry condition increases the cCSC of CNT (baseline being 

the same for each condition), making it a more electrically active material over time. The 

decrease in cCSC overtime reveal that the graphene electrode with or without the coating 

and at different conditions become less electrically active over time. The decrease in 

resistance at higher frequencies suggests that the CC-CNT could be a better conductor 

over time, a behavior that is also noticed in the phase (resistive behavior). Overall, the 

CC-CNT electrode not only provided a higher affinity for DA due to the higher peak 

current measured across all concentrations and between all electrodes, a better ability to 

distinguish between the UA,DA, and AA simultaneously, as well as a stable cCSC over 

time. 
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THESIS ORGANIZATION 

This thesis presents the design, characterization, of conductive and insulating 

coatings of implantable devices. For conductive coatings (graphene and carbon 

nanotubes) the goal is to characterize the difference modified and unmodified sensors. 

The aim is to estimate the mean time to failure and understand the modes of failure of the 

chitosan and catechol modified sensors versus the ones without coating. The performance 

in both scenarios is essentially evaluated via electrochemical characterization. 

Additionally, we discuss the characterization of early biological response to implanted 

carbon nanotube and graphene microwires with low frequency stimulation.  

 

This thesis is organized in eight chapters. Chapter 1 describes briefly the world of 

electrochemical sensors with few examples of current applications for treating various 

disorders. The focus moves onto introducing two essential challenges of electrochemical 

sensors, understanding the difference between conducting electrode-electrolyte and tissue 

interface as well as the long term stability of the insulation/encapsulation materials. 

Chapter 2 starts with the material requirements of conductive and insulating coatings of 

neural electrodes. Then we present background information on carbon nanotubes, 

graphene, chitosan and catechol. Chapter 3 is dedicated to explaining cyclic voltammetry 

and its theory. Chapter 4 also explains electrochemical Impedance spectroscopy.  Chapter 
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5 is dedicated to the methodology adopted for the experiments conducted during this 

thesis. This includes materials and procedure to prepare the tested electrodes, 

electrochemical characterization, biological response towards carbon nanotube and 

graphene electrodes, age acceleration of tested insulation as well as details of statistical 

methods adopted are discussed. Chapter 6 gives an overview of experimental results with 

interleaved discussions of the tests performed for low frequency voltammetry stimulated 

versus controls of electrodeposited gold coupons, carbon nanotubes microwires and 

graphene coated microwire. The performance is evaluated by discussing the charge 

storage capacity, impedance spectra. The performance is evaluated by the charge storage 

capacity and impedance spectra. The initial biological response towards these electrodes 

in Cerebral Spinal Fluid (CSF) is also reported. Chapter 7 Provides a brief conclusion of 

the results obtained in this study of characterizing conductive and insulation coatings for 

neural interfaces. 
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INTRODUCTION 

“Dopamine (DA) is a neurotransmitter found in the ventral tegmental area of the 

midbrain, the substantia nigra pars compacta, and the arcuate nucleus of the 

hypothalamus of the human brain [1]. It is a critical puzzle piece in understanding neural 

behavior and in developing therapeutic intervention technologies for neurological 

disorders. Monitoring of extracellular DA concentration can serve as a clinically relevant 

biomarker for specific diseases states as well as a gateway to monitor treatment efficacy. 

Fluorescence, flow injections, Raman, chromatography and Fourier transform infrared 

(FTIR) are some examples of analytical techniques that have been reported in the 

literature [2,3,4,5,6] for the detection of neurotransmitters. Although they offer good 

selectivity and low limits of detection, they require complex steps and expensive 

instrumentation [7]. Electrochemical sensors, on the other hand, provide an inexpensive, 

easy, sensitive, rapid, and selective tool for detection of biomarkers of several diseases 

and can be easily embedded into portable, more efficient devices for targeted applications 

in both the clinical and diagnostic fields. In Parkinson’s disease for example, such 

sensors can be integrated with therapeutic interventions such as deep brain stimulation 

systems, to enhance the ability to continuously monitor dopamine and other 

neurotransmitters that are prone to fluctuations. Despite the obstacle of overlapping 

electrochemical signals in the brain due to the similarities in their molecular form, a wide 
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range of sensors have been recently developed to detect different neurotransmitters in 

addition to DA, such as norepinephrine, serotonin in the presence of uric acid (UA) and 

ascorbic acid (AA) at an improved limit of detection, close to the physiologically relevant 

concentrations [8,9,10,11,12]. Some of the electrochemical sensors used in the detection 

of DA include carbon electrodes coated with Nafion, electrodes coated with non-

conducting polymers, gold electrodes modified on self-assembled monolayers, and 

nanoparticles-based electrodes [7].  

In recent years, nanoparticles-based electrodes have received attention due to their 

inherent electrocatalytic nature to accelerate the rate electrons transfer between specific 

molecules and the electrode, and thus improving the selectivity of the sensor towards 

neurotransmitters in the presence of UA and AA. The improvement of electrode materials 

with the power of electroanalysis techniques resulted in the improved detection of DA at 

nanomolar levels. This improved sensing performance has been achieved using 

techniques such as cyclic voltammetry, differential pulse voltammetry, square wave 

voltammetry, and fast-scan cyclic voltammetry, and by using electrodes under 

physiological conditions, in the presence of abundant interfering molecules such as UA 

and AA [7]. In all these techniques, the main shortcoming of electrochemical sensors is 

their lifetime. In order to truly offer a solution for long-term implants and 

neurotransmitter detection, the main bottleneck will be to design sensors that can reliably 

detect neurotransmitters for years. Currently, sensors only work for about 80 days in vitro 

[13-14]. Therefore, future research needs to expand on the development of sensors with 

straightforward fabrication procedure, low detection limit, high stability and good 
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reproducibility for repeated determination of concentrations of neurotransmitters. This 

will further demonstrate electrochemical sensors as attractive candidates for applications 

in understanding the neural mechanisms in physiological disorders and its role in either 

the advance or delay addiction behavior in adolescents exposed to drugs [15]” [156]. We 

therefore hypothesized that  fabricating a chitosan-catechol sensors with a longer lifespan 

can reliably monitor dopamine would allow us to investigate basic mechanisms of 

addiction in cell cultures and rodents.  

Previous studies have reported detecting dopamine, which is a catechol-like 

phenolic compound, using a catechol-based system. Chitosan is considered to be a 

promising material for modification of the electrode surface due to its attractive 

properties, e.g., excellent film-forming ability, good stability, high permeability toward 

water, strong adherence to the electrode surface, biocompatibility, no toxicity, high 

mechanical strength and susceptibility to chemical modifications due to the presence of 

reactive amino and hydroxyl functional groups [17]. In addition, coupled with catechol, 

the development of an electrochemical sensor will amplify the dopamine signal. Using 

electrodeposition, a catechol and chitosan coating is deposited on the surface of the 

electrode. In contrast with other methods, this method will incorporate a catecholase-

based system in addition to the chitosan deposition to amplify the dopamine signal. 

Since dopamine can be detected by oxidation at a potential of 0.3 V at the surface 

of a conductive working electrode, [16, 157] we designed a catechol-chitosan modified 

sensor. A catechol-chitosan film was deposited on graphene and carbon nanotube 

surfaces by immersing the electrodes in a preparation of chitosan solution followed by 
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electrodeposition. The principle of utilizing chitosan and catechol as coating agents in the 

detection of dopamine on graphene and carbon nanotube electrodes is to improve the 

capacity of bare electrodes [157]. A study determining the lifespan, conducting electrode-

electrolyte, tissue interface, stability and sensibility in artificial cerebral spinal fluid 

(aCSF) and human cerebral spinal fluid (CSF) of the modified sensor will be conducted 

to show if there is a difference in the lifespan and sensitivity of the modified electrode 

forecasting a successful usage in the determination of DA in brain slices. 

Thus the aims designed for this thesis are: 1) Develop chitosan-catechol coated 

electrodes using carbon nanotubes and graphene electrodes, 2) Characterization of 

electrodes using CV and EIS in different concentrations of dopamine (DA) in different 

mixtures (DA +AA+ UA), artificial and determine the percentage recovery in human 

cerebral spinal fluid (CSF).  
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BACKGROUND 

Neurotechnology has been a field that is facing an exponential growth in the 

recent decades thanks to the advances demonstrated by brain machine interface human 

trials and clinical successes in neuromodulation therapies. A core component of 

neurotechnology involves invasive electrode devices interfacing directly with neural 

tissue for recording and/or stimulation amongst other devices.   

Biosensors 

While satisfactory long-term performance was demonstrated in some applications 

[18], such as cochlear implants [19] and deep brain stimulators [20], more advanced 

neural interfacing devices requiring higher resolution, better stability and linearity for 

single unit recording or microsimulation, still face significant challenges in terms of 

reliability and longevity[13-14]. The most significant challenge lies in the neural 

electrode-tissue interface, where a man-made device is brought in contact with biological 

neural tissue and electrical voltages or currents are being transmitted across the electrode-

tissue interface. Like any implantable devices, the highly corrosive and dynamic 

environment of the host tissue is hostile to implants, among which micro-electronic 

devices are especially vulnerable.  

This makes the material and mechanical reliability of neural electrode arrays 

continue to be a critical area of research and deserves more attention especially in the 
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development of newer and more advanced devices. Conversely, the implantation and 

presence of an artificial device elicits acute injury and chronic inflammatory reactions 

that lead to tissue remodeling, degeneration and regeneration that alter the 

microenvironment with which the device is interfacing. Dynamic changes in the neural 

tissue around the implants affect the quality and stability of the neural electrode recording 

and/or stimulation performance [18]. Advanced electrodes are being designed to mitigate 

the issues faced when chronically interfacing with traditional electrodes by changing the 

geometry, increasing flexibility, and incorporating bioactive coatings and drugs [21-22]. 

Requirements for neural electrodes 

Current understanding of failure mechanisms 

Recording the highest quality of single neuronal activity in the brain requires 

penetrating electrodes and/or sensors [18]. While many designs have been utilized for 

electrode devices implanted in the brain, almost all electrodes have certain basic features: 

electrode sites of a conductive material, conducting leads connecting the electrode sites 

and external electrical components, and an insulating layer defining the electrode site 

areas and protecting the connection from electrical shunting. While microwire arrays and 

planar arrays are some of the more well-known and studied designs [23], many new 

designs and materials have been proposed for neural interfacing [23]. While neural 

electrodes have advanced greatly over the past few decades, recording and stimulation 

performance is highly variable and most devices show failure after chronic implantation 

ranging from weeks to months and a few years and the causes of variability and long-

term failure have been attributed to mechanical/material and biological factors. 
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Mechanical and material failure 

Despite decades of research and development, mechanical and material failures 

are still a major contributor of performance failure for neural electrode devices. In a non-

human primate study examining chronic recording performance of the bed of needles, 

mechanical and material failure have been reported to be the greatest cause of failure, 

accounting for upwards of 48% of all failure in the first year [24]. While many failures 

occurred at the percutaneous connectors and wire bundles, further difficulties arise with 

de-insulation, corrosion, and cracking of the electrodes directly interfacing with the 

neural tissue [24,25,26,27]. 

Several recent studies also characterized different types of material failures and 

their recording/stimulation consequences [25, 26]. One potential cause of material failure 

is de-insulation along the electrode or at the electrode tip. De-insulation at the electrode 

site increases the surface area exposed, decreasing the impedance of the electrode but 

also decreasing the recording quality [27]. 

As we may know, material corrosion/degradation can occur naturally, or be 

accelerated through electrical stimulation. Corrosion products have concerns of toxicity 

[28], but the greatest difficulty lies in loss of the structural stability and electrical 

functionality of the device when such failures occur.  

Additionally, stimulations pose additional harsh conditions to the electrodes. 

Improper stimulation can lead to electrode damage (metal corrosion, metal site 

detachment and insulation failure) and tissue inflammation due to electrolysis of water 

[32], local pH shifts [32], generation of free radicals, and release of metal ions [33]. Even 
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some of the more electrochemically stable carbon electrodes can be oxidatively etched by 

stimulation [34]. As such, materials capable of withstanding high degrees of repetitive 

electrical stimulation and have a large charge injection capacity continue to be 

investigated [35,36,37,38,39]. This study calls for new considerations and tests in order 

to establish and validate safe stimulation limit for microelectrodes. 

Biological tissue response 

In spite of mechanical and material failure, another issue that arises is tissue 

response. Regardless of implant location, biological tissue response is also a major cause 

of electrode or implants failure. On the macro scale, meningeal fibroblasts may migrate 

down the electrode shanks from the brain surface, contribute to the scar formation [19-

22]. In more severe cases, the dural overgrowth may even encapsulate the whole device, 

resulting in ejection of the probes and signal loss. On the micro scale, several types of 

cells are involved in the inflammatory response to the implants, known as the foreign 

body response (FBR). Microglial cells are immediately activated upon implantation [23] 

and release various inflammatory factors to recruit monocytes and astrocytes [24]. These 

activated microglia/macrophages remain at the vicinity of the implants over long-term 

implantations, and are surrounded by a dense layer of astrocytes, often referred to as glial 

scar. Glial encapsulation insulates electrodes from nearby neurons, increasing the 

impedance and the distance between electrodes and viable neurons [25]. Meanwhile, 

neurons (cell body and processes) may be damaged during insertion, pushed away by the 

glia scar, or degenerated by reactive oxygen species and proinflammatory or cytotoxic 

factors released from the chronic inflammation and/or become less active due to 
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mechanical strain or disconnect from the rest of the network. These biological effects can 

result in recording or stimulation failure. 

Vascular damage or breach of blood brain barrier (BBB) is also considered as one 

trigger of cellular responses with a high degree of variability in the electrode response. 

Electrode implantations inevitably break vasculature to various degrees. BBB leakage 

leads to release of blood cells, clotting factors and neurotoxic plasma proteins, and 

monocytes recruitment. Its damage does not stop at the insertion injury, and data have 

shown persistent BBB leakage during chronic implantation time, which is inversely 

correlated to electrode performance [26-27]. To make up for the mechanical mismatch 

due to the strain imposed in the micromotion between the brain tissue and the inserted 

electrodes, various mechanically soft and flexible electrode devices have been developed 

and when compared to the stiff devices, reduced inflammatory tissue responses have 

indeed been observed [29, 30, 31]. The mechanical strain may be aggravated by tethering 

the electrodes on the skull as opposed to free floating ones. Tethering increases the 

relative movement between implanted electrodes and the brain tissue and prevents the 

healing of the BBB, both of which may worsen the inflammation and cause neuronal 

degeneration or demyelination [32, 33].Another mechanism for the implant to cause 

persistent inflammation is thought to be the accumulation of inflammatory cells and their 

inflammatory products. This is supported by two studies for lattice probes [34] and 

diffusion sinks [35]. Fianlly, surface chemistry of the implant has been hypothesized to 

play a role on host tissue response, because plasma protein adsorption and inflammatory 

cell attachment occurring on the surface are the earliest events after implantation. 



12 

 

Therefore, in order to find the right bioactive intervention, it is important to identify the 

molecular pathways critical to the host tissue responses. 

Interplay between material response and biological response 

As mentioned before, implantations of artificial devices cause tissue injury and 

inflammation, which may lead to release of free radicals, reactive oxygen and nitrogen 

species [24-35]. These species may not only damage the tissue, but also accelerate the 

degradation of the electrode materials. This was exhibited in an in vitro study for 

tungsten electrodes where they reflected heightened degree of corrosion when exposed to 

common reactive oxygen species [41]. This correlates with in vivo findings, where 

tungsten wires exhibit the greatest degree of degeneration immediately after implantation, 

likely due to the increased free radical concentration and comparatively harsh 

environment around the implant post-surgery [21,25]. In addition to tungsten, reactive 

oxygen species showed corrosive effects on Pt/Ir, Pt, Ir, Au, Silicon Nitride, Polyimide, 

and Parylene-C [64]. Depending on the type of degrading material, degradation products 

may worsen the inflammation. This leads to more reactive species, which in turn 

accelerates the material failure. Therefore, in vitro testing protocols and in vivo 

evaluations need to take into account these important interplays. 

In sum, the biological tissue response to implants involves a cascade of reactions 

in multiple types of cells. While it is clear that the biological response to implants 

contributes to the devices performance, the contributions of different mechanisms (glial 

scar, neuronal degeneration and loss, inflammation etc.) to the failure of implanted 

devices remains to be determined. Furthermore, multiple triggers of these biological 
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responses have been proposed but the challenge is to separate the impact of many 

biological factors and physicochemical triggers. To date, no single mechanism or factor 

has been found to predominate the performance of electrodes. 

Based on previous research, the requirements of implantable electrodes are set by 

the mechanical, electrical and biochemical interactions between the electrode and the 

nervous tissue. Within these constraints, electrodes need to be functional as well as offer 

reliable stimulating and recording capacity over the lifespan of the implant. Some of the 

key requirements include selectivity, reproducibility, stability, sensitivity and linearity. 

To better understand in detail the functional aspects of these electrodes, the requirements 

will be explained. 

Selectivity 

Selectivity is an important feature for a biosensor. It is defined as the ability to 

detect a specific analyte in a sample containing other contaminants or interferences 

[65,158]. This is depicted by the interaction of an antigen with the antibody where the 

antibodies act as bioreceptors and are immobilised on the surface of the transducer. A 

solution (usually a buffer containing salts, PBS etc) containing the antigen is then 

exposed to the transducer where antibodies interact only with the antigens [158]. That is 

why the main consideration when choosing bioreceptors is selectivity in the construction 

of a biosensor. 
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Reproducibility 

Reproducibility is the ability of the biosensor to generate equal responses for a 

duplicated experimental setup [159]. Reproducible signals have a high reliability and 

robustness to inferences in the solution [158]. 

 

Stability 

Stability is the ability of the sensor to produce stable response over time [65, 158]. 

Disturbances in the solution or system can cause a drift in the output signals of a 

biosensor under measurement, which leads to errors in the measured concentration and 

can affect the precision and accuracy of the biosensor [159]. Temperature-sensitive 

transducers and electronics as well as the affinity of the analyte to bind to biosensors can 

influence the stability of a biosensor [158]. 

 

Sensitivity 

 

Sensitivity is determined by the slope of the calibration and represents the 

minimum amount of analyte that can be detected by a biosensor, which helps defines its 

limit of detection (LOD). In some applications, a biosensor is required to detect analyte 

concentration of as low as ng/ml or even fg/ml to confirm the presence of traces of 

analytes in a sample [65,158]. 

 

Linearity 

Linearity shows the accuracy of the measured response for a set of measurements 

with different concentrations of analyte that is represented as y = mc + b, where c is the 
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concentration of the analyte, y is the output signal, and m is the sensitivity of the 

biosensor [158]. Linearity of the biosensor can be associated as the smallest change in the 

concentration of an analyte that is required to bring a change in the response of the 

biosensor [158]. Depending on the application, a good resolution is required as most 

biosensor applications require not only analyte detection but also measurement of 

concentrations of analyte over a wide working range.  

 

Impedance 

Other requirements for an electrode are low impedance , great mechanical 

integrity and biocompatibility. 

Impedance is the measure of the opposition towards a passing electric current 

presented by a system/material [119]. It is an extension of resistance when dealing with 

AC fields and is the ratio of the applied voltage to the current response. However, unlike 

resistance, impedance is frequency dependent as it accounts for the capacitance that 

presents with different opposition mechanisms towards electrical currents [24,25,26,27]. 

Impedance is represented with a magnitude and a phase angle term, where the phase 

value of 0 and - 90° corresponds to system behaving as a pure resistor and capacitor, 

respectively.  

Inserting a foreign body into the brain has multiple consequences, one of which is 

the formation of an encapsulated layer around the implant [106, 160]. The reactive glia 

tissue creates an insulating layer around the electrode, thus increasing the apparent 

impedance between the electrode and the tissue. Thus the insulating layer around an 

electrode would mean no passage of direct current between the conductive material and 
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the biological tissue. Spatial proximity between the neural electrode and neurons 

determines how well the signal is transferred. The insulating layer increases the space 

between the electrode and the neuron, which could cause loss in signal [106]. This would 

decrease their efficiency due to the requirement of higher voltages/current to deliver the 

same amount of charge for stimulation. As the glial scar increases the interfacial 

impedance irrespective of the type of electrode, lower impedance of electrodes would in 

general be beneficial.  

Also, having lower impedance in vivo will maintain high signal-to-noise ratio 

(SNR) while measuring small or even micro neuronal signals from the extracellular space 

[106]. By correlating the tissue response to impedance behavior, the efficiency and long-

term reliability of neural stimulating and recording electrodes can be evaluated and 

potentially predicted. The interface characteristics and interpretation can then be used to 

develop novel surface materials for implantation. 

 

Mechanical Integrity 

The electrode material should not bend, delaminate, degrade or break to maintain 

great mechanical integrity when passing through tissue for an extended period of time. 

The material should be strong enough to withstand movement between the electrode and 

the tissue after implantation. [106,160]. 

 

Charge and electrical stability 

An electrode should be able to deliver a sufficient amount charge through the 

double layer formed at the electrode-tissue interface to elicit an action potential or record 
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a signal. A low electrode potential should be used to prevent water damage the tissue 

[65,106,160]. Another aspect that should be taken into account is the reversible charge 

injection limit that should be high enough to deliver sufficient charge [106]. The 

reversible CSC depends on the material, electrolytic species, and on the stimulation 

parameters.  

 

Biocompatibility 

The electrode surface, which contacts the biological tissue, should be 

biocompatible [160]. Biocompatibility means that the material will not induce toxic 

effects, impact the immune system and create an excessive immune response once in 

contact with the body. Some examples of immune responses include macrophage-

mediated foreign body immune response. This was noticed during chronic implantation 

of intrafascicular platinum‐iridium recording electrodes coated with Teflon [106]. Some 

adverse responses were observed despite biocompatibility including axonal caliber 

reduction, demyelination, mild foreign body response, and increased endo-neural  

connective tissue [102]. 

 With a better understanding of the requirements that sensors need to acquire, 

graphene and carbon nanotubes electrodes will be discussed as biocompatible materials 

used for electrodes. 

Graphene Electrodes 

Ascorbic acid (AA), uric acid (UA) and dopamine (DA) play important roles in 

physiological function of organisms [148]. The deficiency or maladjustment of their 

levels may lead to the symptoms of many diseases such as cancer, Parkinson’s disease 
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and cardiovascular disease. Hence, determination of AA, DA and UA is of great 

importance for developing diagnosis and controlling medicine. However, in real systems, 

AA, DA and UA usually coexist in the extracellular fluid of the central nervous system 

and serum. Electrochemically individual and/or simultaneous determinations of them on 

traditional electrodes are very difficult since they usually foul the detection electrodes 

and their oxidation potentials are severely overlapped. For these problems to be 

addressed, various approaches have been proposed to individually determine these 

biomolecules, as discussed above. Recent reports demonstrated that graphene based 

electrodes could be used to selectively determine DA in the existence of AA and UA 

[103,104,105]. 

Graphene is one of the most promising material for electrochemical applications 

because of its very large electrical conductivity, increased surface area in different phases 

and relatively low cost of preparation. Electrodes can be modified with graphene 

suspension, powder, graphene composites and even graphene sheets can also be used as 

electrodes [91,97]. Use of reduced graphene oxide (rGO) for DA detection has recently 

been studied [91,92,93,94] and has shown to enhance the electrochemical response as a 

result of the presence of oxygen-containing groups on the reduced GO surface [90, 161]. 

The DA sensors with the best detection limit (2.3 x 10-8 mol/L) and linear range (3 × 10-8 

– 4 × 10-4 mol/L) were obtained by use of electrodes modified with graphene prepared by 

GO reduction [91,92,93,94]. Though there is a positive outlook on the use of graphene, it 

is difficult to compare the results because of lack of information about the surface 

properties of the graphene-modified electrodes. For example, the stability and 
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reproducibility of electrodes modified with quercetin (Qu)/GR and PPy/GR [93] have 

been investigated where stability was approximately for only two months for Qu/GR. 

Despite such, FTIR and Raman spectra can be found for graphene electrodes modified 

with organic compounds [93], and XRD and TEM have been used for their 

characterization, but in regards to DA graphene-based electrodes have been used to 

monitor DA in biological samples, for example rat striatum, mouse hippocampus tissues 

[92,161], human serum, human urine [93] and have also been used for simultaneous 

determination of DA, AA, and UA. 

Currently, graphene emerging in the world of bio-sensing has also attracted 

tremendous attentions due to its unique structure and electronic properties. Researches on 

graphene in field of nanoelectronics, biosensors, and energy storage have been greatly 

developed. Due to high demands of investigation in these areas, different approaches 

have been developed to synthesize graphene with various microstructures such as using 

chemical vapor deposition (CVD) to do so. 

Graphene oxide depositions for neural electrodes 

Developing proper electrodes with low impedance, biocompatible, with long-term 

chemical stability remains a challenge [162]. Since graphene is an atomically thin 

aromatic carbon sheet, with excellent mechanical stability and electrical conductivity, it 

has excellent biocompatibility, is chemically inert and integrates well with flexible 

substrates; all which could make it an ideal neuro-interfacing electrode. 2D graphene 

substrates have been found to exhibit enhanced adhesion, good viability, improved 

neurite sprouting and outgrowth [19,162]. For example, a nitrogen doped graphene film 
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was prepared using a mixture of graphite powder (99.9995% purity, −100 mesh, 

briquetting grade, mesh) [149], melamine (Sinopharm Chemical Reagent CO. Ltd 

(China)) with a mass ratio of 1:10 and nitrogen suspenstion. 

 

Properties as implantable neural electrodes 

In addition, Graphene, attracted several research communities owing to 

exceptional electronic and physical properties [18]. Graphene is ideally employed in 

several electrochemical applications due to its large surface area, higher electron mobility 

and unique heterogeneous (plays a role in molecular electronics and electrochemical 

energies – can have multiple applications) electron transfer rate with lower cost in 

production. Several forms like thermally, chemically and electrochemically reduced 

graphene oxides with oxygen functional groups and defects are employed for 

electrochemical detection [162]. The surface edge planes and defects possess rapid 

electron transfer compared to basal planes for electrochemical sensing applications. 

Further the presence of oxygen functional groups on the surface of graphene facilitate 

enhanced adsorption of analyte of interest and effectively catalyse them [162]. Hence lot 

of attentions are focussed on graphene-based materials for developing dopamine sensing 

devices [19]. 

 

Graphene in electrochemical sensors and biosensors 

Some of the applications of graphene in the world of biosensors has been for 

neural interfaces. Neural interfaces and its electrodes are becoming an increasingly 
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powerful tool for clinical interventions requiring stimulation and/or recording of the 

electrical activity of the neural systems [162]. The human neural systems are able to 

generate, transmit and process electrochemical signals in different parts of the body. To 

read and interpret these signals, it relies on the ability of electrodes to transduce and 

record biological signals from the body’s central or peripheral nervous system. 

Developing proper interface electrodes is important in today’s society as it helps to 

restore sensory and motor functions after spinal cord or peripheral nerve injuries, or to 

interface with artificial limbs [162]. 

The functionalization of graphene surface with metal and metal oxide 

nanostructures further improves the electron transfer rate and enhances the sensing 

characteristics. That is why graphene has been a leading choice. The covalent and non 

covalent modification of graphene surfaces with polymers have also been utilized for the 

superior sensing of dopamine [20]. Nanosized metal or metal oxides have better physical, 

chemical and electronic property compared to bulk structures. In most cases, 

nanoparticles have contributed to charge, stability, increase in surface area, increase in 

mass transfer rates and solubility [163]. Apart from metal and metal oxide nanostructures, 

graphene surface modified with polymers are of special interest owing to its excellent 

electroactive catalytic activity [21,22,23,163]. Other classes of nanomaterials that have 

been explored for dopamine sensors includes nanorods, wires and tubes decorated on the 

surface of graphene. Their variations in length and diameter provide diverse improved 

properties for effective sensing of dopamine. 
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To summarize, the sensitivity of the dopamine detection by using graphene can be 

accelerated by various process like surface modifications with suitable materials. 

Modifications can lead to an increase in surface area of the electrode, an important 

parameter in providing superior sensing performance where more functional groups are 

exposed to the analyte of interest [150,163]. The functionalization of the electrode 

provides selective binding of analyte of interest and ion-exchange which repels the 

interfering effects on dopamine. Further, the graphene-based dopamine detection lacks 

understanding the exact mechanism and long-term stability which needs further 

examination to have better sensing of dopamine [163]. 

Carbon Nanotubes 

Carbon nanotubes (CNTs) have generated a great deal of interest for various 

applications based on their field emission and electronic transport properties, their high 

mechanical strength, and their chemical properties [22, 164]. From this arises an 

increasing potential for the use of CNTs as field emission devices[23], nanoscale 

transistors[28], tips for scanning microscopy[29] or components for composite 

materials.[30] 

 

Carbon nanotubes depositions for neural électrodes 

CNTs can be classified into single-wall carbon nanotubes (SWCNTs) and multi- 

wall carbon nanotubes (MWCNTs) [31]. SWCNTs possess a cylindrical nanostructure 

formed by rolling up a single graphite sheet into a tube and can be considered as 

molecular wires with every atom on the surface. SWCNTs can be either metallic or 
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semiconducting, depending on their diameters and helical arrangement. MWCNTs, on 

the other hand, comprise an array of nanotubes that are concentrically nested like rings of 

a tree trunk.[32]  

Carbon paste (CP) and composite electrodes have been used in electrochemical 

sensors for several years. By analogy, similar matrices that involve CNTs have been 

lastly one of the focuses of research in the field of electrochemical sensors. CNTs inside 

the polymer matrix can be distributed either in randomly oriented or vertical oriented 

way. Variety of binders, like mineral oil, teflon or epoxy resins, to produce CNTs pastes 

or composites, were reported being the rigid epoxy based CNTs composites less 

exploited. Chemical sensors have become an increasingly attractive tool for monitoring 

noxious substances, for quality control and in medicinal and environmental chemistry. 

The tremendous importance of CNTs for sensors applications has led to wide research 

activities in this area. One of the advantages of these sensors is that they can be used as 

“one shot”-sensors that can be disposed after usage. 

Additionally, the great extraordinary electrical and thermal conductivity, and 

mechanical properties that carbon nanotubes have open an incredible range of their 

applications in materials science, electronics, chemical processing, energy management, 

and many other fields. They are probably the best electron field-emitter giving them 

potential in numerous applications such as nanoelectronics, microscopy, 

nanoelectromechanical systems, and many more related to the development of high 

mechanical resistant materials for several industries and other applications. They are also 

being explored in real issues associated with energy storage material including hydrogen 
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storage, fuel cells and lithium battery; in composites for coating, filling and structural 

materials; as devices for molecular sensing and manipulation; in scanning probe 

microscopy; CNTs-based diodes and transistors; as field emission devices for X-ray 

instruments, in the development of chemical and physical sensors, biosensors and others 

applications.[21,31] 

Properties as implantable neural electrodes 

Some properties of CNTs [21] include electrical, mechanical, chemical and 

thermal and thermoelectric. In terms of their electrical properties, CNTs exude structural 

parameters that indicate how much the nanotube is twisted. CNTs can be highly 

conductive and hence can be metallic. Their conductivity has been shown to be a function 

of their chirality, the degree of twist as well as their diameter.[38] For their mechanical 

properties, a small diameter also has an important effect because it allows for high 

flexibility and high strength with high stiffness. The nanotube as a whole is very flexible 

because of the great length.[21] The chemical aspects of CNTs allows for high specific 

surface and rehybridization which facilitate molecular adsorption, doping, and charge 

transfer on nanotubes, and in turn, modulates electronic properties.  Lastly, nanotubes 

display very high thermal conductivity. Therefore, it is expected that nanotube 

reinforcements in polymeric materials may also significantly improve the thermal and 

thermo mechanical properties of these composites.[38] 

 

Carbon nanotubes in electrochemical sensors and biosensors 

Moreover, their application in sensors and biosensors has also been emerging in 

the last years. This includes analytical science, liquid chromatography (LC) [62], 
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stripping techniques [63], and optical detections [64]. Recent studies have demonstrated 

that CNTs exhibit strong electrocatalytic activity for a wide range of compounds, such as 

neurotransmitters [65,66], -nicotinamide adenine dinucleotide (NADH)[67,68], hydrogen 

peroxide (H2O2)[65,69], ascorbic [70,71] and uric acid [65], cytochrome c [72], 

hydrazines [73], hydrogen sulphide [74], amino acids and deoxyribonucleic acid (DNA). 

Their high conductivity in addition to the electrocatalytic activity encourages their use in 

electrochemical sensors and biosensors [32] . 

Despite their well recognized properties, one of the key issues when carbon 

nanotubes are used in electrochemical biosensors is the way for to be integrated in the 

detection system in conjunction with the detection of dopamine in the presence of 

interferences, for example. The interference due to the presence of ascorbic acid (AA) is 

one of the problems faced when dopamine (DA) is determined. AA has a similar 

oxidation potential and is usually present in vivo at concentrations 10 times higher than 

DA. Therefore, it is essential to establish simple and rapid methods for selective 

determination of DA in routine analysis. A conventional way is to coat the working 

electrode surface with an anionic film, such as Nafion, to protect the surface from the 

interference of the negatively charged. A new layer-by-layer (LbL) nanostructured 

electroactive film to detect dopamine in the presence of ascorbic acid has been produced  

and explored by Siqueira et al.[89] and recent studies have also explored the ability of the 

CNTs-incorporated films to distinguish between DA and AA was performed via CV 

using an electrolytic solution containing both AA and DA. This lead to the integration of 

biomaterials such as proteins, enzymes, antigens, antibodies or DNA with the CNTs to 
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essentially provides new hybrid systems that combine the conductive or semi-conductive 

properties of the CNTs with the recognition or catalytic properties of the biomaterials 

[151]. It provides the platform for the accommodation of the biomolecules and a new find 

for biosensors. 

Chitosan and Catechol 

 

Properties as coating for neural electrodes 

Ever since mucoadhesive polymers were introduced for sustained drug release, 

numerous attempts have been made to develop novel mucoadhesive polymers because of 

their biocompatibility [1-5]. Polymers that exhibit excellent mucoadhesive properties 

include poly(acrylic acid), carboxyl methyl cellulose, scleroglucan, and chitosan. 

Chitosan has been extensively studied due to its strong interaction with the mucin layer 

by numerous inter-molecular hydrogen bonds and electrostatic interactions with the 

negatively charged sialic acid and sulfate residues in mucin [19, 23,152]. Furthermore, 

chitosan is considered to be suitable for clinical use due to biocompatibility and 

degradability. 

Although chitosan is itself mucoadhesive, numerous attempts have been made to 

further improve its adhesion through chemical modifications such as thiolation and lectin 

modification. Though thiolation is considered to be a highly effective method for 

enhancing mucoadhesion [29,30,31,32,33] because tethered thiols have the unique 

property of forming disulfide bonds with the cysteine residues in mucin 

[31,34,35,36,37,38,39], the bonds are reversible making the in vivo retention of thiol 

groups on mucosal surfaces is typically short lived. Lectin modification on the other hand 
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can also be used to enhance mucoadhesive properties because they are naturally 

occurring proteins that play a role in biological recognition. However, since lectins bind 

reversibly to cell surfaces,  they are immunogenic [40] and highly toxic [41]. Thus, 

identification of a novel functional group that can strongly improve binding to mucosal 

layers remains a challenging task. One good candidate is catechol. It is found in nature as 

a side chain of L-3,4-dihydroxyphenylalanine (DOPA), an amino acid crucial to the 

robust underwater adhesion of mussels [42,43]. One advantage of using catechol is that 

catechol derivatives are commercially available for bioconjugation to amine or carboxylic 

acid group [44,45]. Furthermore, it has the ability to form irreversible covalent bonds 

with thiols and amines via formation of o-quinone by catechol oxidation 

[46,47,48,49,50]. Several previous studies investigated the mucoadhesive properties of 

catechol.  

In the 1990s, it was reported that purified mussel adhesive proteins are 

mucoadhesive in vitro[72,73]. Later, conversion from a non-mucoadhesive polymer, 

poly(ethylene glycol) (PEG), to a mucoadhesive polymer was achieved by catechol end-

functionalization, but the mucoadhesion properties were only evaluated in vitro[74]. In 

2012 also, a mucoadhesive hydrogel was prepared by mixing chitosan and catechol 

derivatives. However, none of the previous studies have investigated catechol as a 

mucoadhesion enhancer and studied its mucoadhesive properties in vivo. 

In addition to past investigations, chitosan is a naturally occurring polysaccharide 

that has been used in numerous biomedical applications, such as wound dressings [18], 

hemostatic materials [19], drug/gene delivery depots [24,25,26,27] and tissue engineering 
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scaffolds [28,29]. The polymer is obtained by partial deacetylation of chitin, poly(β-(1–

4)-N-acetyl-d-glucosamine), which is biologically synthesized in living organisms such 

as crustacean, fungi, and insects [30,31,32]. Through the deacetylation process], the 

primary amine groups of chitosan are newly exposed, allowing tissue adhesion via 

electrostatic interactions or chemical modifications due to amine-involved bioconjugation 

[35]. This conversion into chitosan readily permits physicochemical transitions to thin 

films, hydrogels, porous sponges, membranes, micro/nanoparticles, and nanofibers. 

However, the most prominent disadvantage of chitosan is its poor solubility in aqueous 

conditions [36]. Insoluble precipitates form when dissolving chitosan in buffers under 

neutral physiological conditions is attempted, which results in poor tissue adhesive 

properties in the presence of body fluids. 

The catechol ortho-dihydroxyphenyl group, which is the side chain of l-DOPA 

(3,4-Dihydroxy-l-phenylalanine (l-DOPA)), is responsible for mussel adhesion and 

exhibits superior adhesiveness to various organic/inorganic surfaces 

[38,39,40,41,42,43,44,45,46,47]. The first approach to obtaining DOPA-containing 

adhesives for biomedical applications used recombinant DNA technology. Mussel 

adhesive protein (MAP)-based adhesives were developed by engineered MAP precursors 

purified from Escherichia coli[48,49]. Subsequently, the MAP precursors were converted 

into DOPA-containing mussel mimetic adhesives by tyrosinase treatment and hyaluronic 

acid (HA) have exhibited enhanced adhesive strength compared with individual MAPs 

[50].  
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Another approach was the chemical modification of adhesive moieties onto 

polymer backbones. These polymers include poly(ethylene glycols) (PEG–catechol) 

[51,52], hyaluronic acid (HA–catechol) [53,54], alginate (Alg–catechol) [55,56,57], 

heparin (Hep–catechol) [58,59], poly(vinyl alcohol) (PVA–catechol) [60], poly(acrylic 

acid) (PAA–catechol) [61,62], poly(allylamine) (PAAm–catechol) [63], dextran (Dex–

catechol) [64,65], poly(N-isopropylacrylamide) (PNIPAM–catechol) [66,67], Tetronic 

[68], poly(ethylenimine) (PEI–catechol) [69,70], poly(styrene) (PS–catechol) [71,72], 

and chitosan (Chi–catechol) [73,74]. 

Since the amine groups may co-contribute with the catechol in the wet-resistant 

adhesion via covalent/non-covalent interactions [75,76,77,78], the amine group also 

becomes a significant element in enhancing underwater adhesion. Thus, chitosan–

catechol conjugate, which co-presents catechol and amine groups similar to MAPs is a 

good candidate for MAP-mimetic underwater adhesive.  

During the past decade, various preparation methods and characteristics of 

chitosan–catechol have been reported, and researchers have attempted various biomedical 

applications [52,53], [79,80,81,82,83,84,85,86,87]. Chitosan–catechol has exhibited not 

only excellent solubility in neutral pH solutions but also strong adhesiveness on tissue 

surfaces. Additionally, it is biocompatible and shows enhanced mechanical properties. 

Since chitosan has been shown to be a suitable polysaccharide for biomedical 

applications, as it exhibits properties of high biocompatibility, biodegradability, tissue 

adhesion, and anti-microbial activities [19,30,31,36]. Chemical tethering of catechol 

derivatives to chitosan backbones can dramatically affect the aforementioned properties 
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of chitosan. Thus, it is important to compare the physicochemical properties of chitosan–

catechol and chitosan. 

In terms of the mechanical strength of the chitosan-catechol film, previous studies 

has shown that particularly films prepared by chitosan–catechol provide excellent 

mechanical properties due to catecholamine crosslinking. In general, chitosan–catechol 

undergoes inter-polysaccharide crosslinking under oxidative conditions via the 

transformation of catechol to o–catecholquinone, which subsequently reacts with 

catechols and amines presented by molecules nearby. Michael-type addition and Schiff 

base formation are types of chemical reactions. In addition to irreversible oxidative 

crosslinking, various reversible interactions, such as hydrogen bonding, π–π stacking, π–

cation interaction, and metal coordination, are also factors in physical crosslinking [106]. 

Over the last decade, chemical and physical crosslinking have been used equivalently to 

achieve three-dimensional polymeric networks of chitosan–catechol and in-depth studies 

have primarily focused on metal–catechol coordination in chitosan–catechol [106]. 

 

Due to its crosslinking, for instance, chitosan–catechol films prepared by the 

dehydration of water demonstrated high tensile strength that is three times stronger than 

that of commercial A4 paper [88]. The tensile strength further increased when oxidation 

reactions of catecholamine were triggered. The nanomechanical properties of the 

chitosan–catechol films were clearly increased compared with unmodified chitosan films. 

Regarding the elastic modulus and hardness values, chitosan–catechol films have 

exhibited higher values than films composed of chitosan [88] leading the hardness value 
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of chitosan–catechol films to be similar to that of human finger nails. Additionally, 

research team lead by Ali Miserez compared the differences in the mechanical properties 

between dry and wet states [85] only to conclude that the inter-chain chemical 

crosslinking of chitosan–catechol affects the retaining modulus [85]. 

For biocompatibility, chitosan is one of the most widely used natural 

polysaccharides. However, catechol groups are involved in toxicity at the molecular level 

due to complex chemical linkage formations and redox activities. Catechol groups lead to 

reactive-oxygen species (ROS) that induce genotoxicity, which originates from the 

formation of DNA base–catechol adducts. In addition, catechol moieties non-specifically 

inactivate a variety of proteins [97]. Thus, the toxicity issue of chitosan–catechol is 

important for commercialization. In previous research, low concentrations of chitosan–

catechol treated with Caco2 and human umbilical vein endothelial cells (HUVEC) 

showed nearly ∼100% cell viability [96]. Increased concentrations of chitosan–catechol 

exhibited nearly no cell death during 36-h incubations [81]. Histological data of mouse 

heart, liver, spleen, lung and kidney tissues systemically treated by chitosan–catechol for 

2 weeks showed no significant inflammatory responses or necrosis, probably because of 

the non-immunogenicity of chitosan–catechol [81]. For other in vivo experiments, the 

tissues in contact with chitosan–catechol gel patches also demonstrated no significant 

immune response for 3 weeks [79]. 

Chitosan-catechol electrochemical films 

Chitosan-based films have attracted much attention due to their ease of 

preparation and their excellent mechanical properties. In addition, the metal affinity of 
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catechol is a useful property for stably incorporating inorganic compositions into chitosan 

thin-films. Thus, chitosan–catechol films generated with electrochemical methods have 

been frequently reported [86,87,92,93,94,100,101]. A solvent containing chitosan is 

casted or electrochemically deposited onto the surfaces of electrodes. The electrode 

covered with chitosan is then immersed in a catecholic solution. The catechol groups are 

oxidized and react with primary amines along the chitosan backbone via Michael-type 

addition reactions and Schiff-base formations. 

Film formation by chemical oxidation 

Chitosan–catechol films prepared by the chemical oxidant NaIO4 for example 

were also reported [80]. Simple dehydration of a mixture solution of chitosan, catechol, 

and NaIO4 resulted in the formation of chitosan–catechol thin films on the surface of an 

electrode, which exhibited order-of-magnitude changes in mediator currents. In that 

study, the catechol contributed to the surface adhesion and facilitated electron transfer 

within the organic thin films. A group led by Hwang also employed NaIO4-mediated 

crosslinking to prepare the chitosan–catechol films [91] and the films showed free-

standing properties with significant mechanical strength. 

Drug delivery systems 

Chitosan–catechol film is a great candidate for use as an adhesive depot for drug 

delivery systems due to its biocompatibility, biodegradability, and tissue adhesive 

properties. It may be useful in platforms for reducing drug dosage, providing non-

invasive chemotherapy, avoiding the first pass metabolisms, improving the 

bioavailability, and delaying resistance in target tissues. As previously explained, the 
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mucoadhesion capability of chitosan–catechol is unprecedented. Human-insulin released 

directly from chitosan–catechol liquid muco-capsules exhibits excellent sustainability in 

blood serum levels for 4 h, whereas insulin released from unmodified chitosan muco-

capsules reaches a maximum in just 30 min, after which insulin plasma levels rapidly 

decrease [96]. In addition, genipin-crosslinked chitosan–catechol hydrogels used as a 

drug delivery depot in buccal mucosa have also been developed[80].  

Another use of chitosan-catechol film for drug delivery is through local 

anesthesia. Lidocaine hydrochloride (LD) was used as a local anesthesia drug model. 

With chitosan–catechol hydrogels, a sustained release of LD was exhibited over at least 3 

h, whereas chitosan hydrogels showed a low LD release and decreased LD release as a 

function of incubation time. Another group took a stab and reported a kidney-specific 

drug delivery system for preventing renal fibrosis using chitosan–catechol adhesive 

polymers validating the efficacy of the film [81]. 

 

Biosensors applications 

Chitosan–catechol films are also utilized as redox-active detectors of bacterial 

metabolites [86] such as Pyocyanin (PYO),a representative redox-active bacterial 

metabolite. They are used as redox-capacitors to amplify the electrochemical signals 

generated from PYOs. In aerobic conditions, PYOs exist in an oxidized state. When an 

electrode potential becomes more negative than the PYO’s initial potential, the reduced 

PYO loses electrons through the films, which results in the transformation of quinone 

groups to catechol groups in chitosan–catechol films. This system detects a low 
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concentrated range of PYO. Additionally, it allows for the in situ monitoring of PYO 

production. Ghodssi’s group also reported clozapine detection using a chitosan–catechol 

film system [87]. Clozapine is an effective antipsychotic medication for the treatment of 

schizophrenia, which has a narrow therapeutic window for optimal therapeutic effects 

and reduced drug toxicity. Thus, it is critical to monitor the concentrations of clozapine 

treatments. When clozapine diffuses through chitosan–catechol films, the catechol groups 

are oxidized, inducing a current that is correlated with the reduction of clozapine. 

Hexaammineruthenium(III) (Ru(NH3)6; is used as a reducing agent in films by applying 

a negative potential. This system can exploit the point-of-care monitoring during the use 

of clozapine. 
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CYCLIC VOLTAMMETRY 

Cyclic voltammetry (CV) is a versatile electroanalytical technique for the study of 

electroactive species [165]. Its versatility combined with ease of measurement has 

resulted in extensive use of CV in the fields of electrochemistry, inorganic chemistry, 

organic chemistry, and biochemistry. Cyclic voltammetry is often the first experiment 

performed in an electrochemical study of a compound, a biological material, or an 

electrode surface. The effectiveness of CV results from its capability for rapidly 

observing the redox behavior over a wide potential range.  

Fundametals of cyclic voltammetry 

A CV consists of cycling the potential between the working electrode and the 

reference (a saturated calomel electrode (SCE) or a silver/silver chloride electrode 

(Ag/AgCl)) electrode in a solution, measuring the resulting current. [165].  In two 

electrode system, the applied potential is considered an excitation signal [165]. In a three 

electrode system the electrochemical reactions takes place at working and counter 

eletctrode. The potential is first scanned negatively from (+) to a (-) potential and the 

reversed. Figure 1 shows the schematic excitation potential profile. The scan rate, as 

reflected by the slope, can be reported in mV/s. Single or multiple cycle scan be used. 

Modern instrumentation enables switching potentials and scan rates to be easily varied. 
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Figure 1 (a) One cycle of the triangular potential-excitation signal showing the initial potential and the switching 

potential.  (b) The resulting cyclic voltammogram showing the measurement of the peak currents and peak 

potentials. [10] 

 

 

 

A cyclic voltammogram is a plot that displays the response current as a function 

of the potential (Figure 1). Because the potential varies linearly with time, the horizontal 

axis can also be thought of as a time axis depending on the method used. 

 

 

Basics of cyclic voltammetry technique 

CV has become increasingly popular in all fields of chemistry as a means of 

studying redox states. The method enables a wide potential range to be scanned rapidly 

for reducible or oxidizable species. This capability together with its variable time scale 

and good sensitivity make this the most versatile electroanalytical technique thus far 

developed [166]. Quantitative measurements (of rates or concentrations) are best 

obtained via other means (e.g,, “step” or “pulse” techniques). Perhaps the most useful 

aspect of CV is its application to the qualitative diagnosis of electrode reactions based on 

the homogeneous chemical reactions [166]. 
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Measurements acquisition 

Cyclic voltammetry requires a waveform generator for the excitation signal, a 

potentiostat to apply this signal, and a converter to measure the resulting current. A 

program or oscilloscope can be used to display the voltammogram (figure 2) [165]. The 

first three items are normally incorporated into a single electronic device. The 

potentiostat insures that the working electrode potential will not be influenced by the 

reaction(s) which takes place. Scan rates up to 20,000 V/s have been used, however, rates 

faster than 100 V/s are rarely practical because of iR drop and charging current. 

 

 

 

Figure 2 System setup to obtain cyclic voltammetry measurements using a counter electrode (C), a working 

electrode (W), a reference electrode (R), a Potentiostat as well as a function generator [11] 

 

 

A typical electrochemical cell consists of a glass container with a cap having 

holes for introducing electrodes and nitrogen if necessary. Provision is made for oxygen 
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removal from solution by bubbling with nitrogen gas. The cell is then maintained oxygen 

free by passing nitrogen over the solution. The reference electrode is typically a SCE or a 

Ag/AgCl, saturated KCl electrode. The auxiliary electrode is usually a platinum wire that 

is placed directly into the solution [165]. A large variety of working electrodes has been 

used with voltammetry such as platinum, gold, glassy carbon, wax impregnated graphite, 

and carbon paste. 

 

Data representation and analysis 

A typical cyclic voltammogram is shown in figure 1 and 2 where a platinum wire 

is used as a working electrode in a solution. The potential is then scanned negatively, 

forward scan. When the potential is sufficiently negative to reduce, cathodic current 

occurs due to the electrode process. 

Simply stated, in the forward scan is indicated by the cathodic current and the 

reverse scan as the anodic current. Thus, CV is capable of rapidly generating a new 

oxidation state during the forward scan and on the reverse scan [165]. This very 

important aspect of the technique and can be understood by considering the Nernst 

equation and the changes in concentration that occur in solution adjacent to the electrode 

during electrolysis [165]. 
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ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 

Among the various electrochemical techniques, electrochemical impedance 

spectroscopy (EIS) is among the techniques most used. The classical electrochemical 

techniques present measurements of currents, electrical charges or electrode potentials as 

functions of time (which can also be related to the electrode potential) [167]. Using EIS 

as an electrochemical technique has numerous advantages. It provides a lot of useful 

information that can be further analyzed. Compared to the CV measurements, EIS 

parameters contain more information about the whole process especially when hardware 

and software is able sampling the current-potential curve producing thousands of 

experimental points every fraction of mV.  

Basics of electrochemical impedance spectroscopy 

Taking the impedance at each potential produces series of data values at different 

frequencies. Examples of complex plane impedance plots that is imaginary versus real 

part at various frequencies for different fuel cells. The polarization resistance is the only 

point corresponding to zero frequency. One may observe that the impedance plots, 

besides Rp, produce much more information that is not available in steady-state 

measurements (figure 3) [167]. Impedance plots display complex curves that are rich in 

information. Such information is contained in every point, not only in one value of Rp. 
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To characterize more complex electrochemical systems other studies of the 

system that could be used include microscopic, surface morphology, structure, 

composition, and dc electrochemical characterization to carried out a more in-depth 

understanding of the system thoroughly prior to EIS analysis [167]. 

 

 

 

Figure 3 A complex plane impedance plot that shows the electron transfer resistance (Ru), electrolyte resistance 

(Rp) and double layer capacitance (Cdl) [4]. 

  

 

 

Measurements 

The purpose of analyzing EIS data is to determine the nature of the electrode process and 

its characteristic parameters. As mentioned above, EIS is a very sensitive technique and 

the interpretation of impedance data requires the use of an appropriate model. The 

impedance at each potential produces series of data values at different frequencies 
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providing a complex plane impedance plots that is imaginary versus real part at various 

frequencies. 

Initially, the experimental data must be acquired in a wide frequency range; 

usually ten points per frequency decade are registered. Only repeatable results should be 

used in the analysis, and experimental noise must be reduced to assure system linearity. 

Impedance measurements produce numerical results, usually as real and imaginary 

impedances or modulus |Z| and phase angle φ as functions of frequency (figure 4). 

There are two fundamental types of graph presented by the data; Nyquist plots 

and bode plots. Complex plane plots or Nyquist plots are plots of imaginary versus real 

impedance. In these plots imaginary impedances is plotted versus real impedances as the 

imaginary impedances of the electrochemical systems are usually negative. Bode plots, 

on the other hand, provide two plots in one; a log |Z| (magnitude) versus log f (frequency) 

and a phase angle φ versus log f. 

 

 



42 

 

 

Figure 4 A representation of a bode plot that includes the phase and the impedance where a log |Z| (magnitude) 

versus log f (frequency) and a phase angle φ versus log f can be noticed [4]. 

 

 

They can be used to create a model since they contain all the necessary 

information about the data. In some cases, other plots are also presented complex 

capacitance plots, and tridimensional impedance plots that can be created automatically 

using a software program called Zsimpwim. 

 

Data representation and analysis 

Visual (graphical) inspection of the obtained results usually makes it possible to 

identify the electrical equivalent circuit containing resistor (R), Capacitor (C), and 

inductor (L) elements that are used to represent plots acquired using modeling [167]. 

There are two ways to model experimental data, measurement or mathematical 

modeling. Regardless, it explains experimental impedances in terms of mathematical 

functions or equivalent electrical circuits to obtain a good fit between the calculated and 
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experimental impedances with a minimum number of parameters [168]. Measurement 

modeling is used to determine the number and nature of the circuit elements and 

parameters describing the studied system. One could use equivalent circuits containing 

simple R, C, and L parameters, or one could use more complex distributed elements such 

as the CPE and other analytically described elements such as, for example, mass transfer 

impedance and a porous model. The main problem with equivalent circuit modeling is 

related to the fact that the same data may be exactly represented by different equivalent 

models. 
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METHODOLOGIES 

Under physiological conditions, ascorbic acid (AA) and uric acid (UA) are the 

intensive interferences because DA, UA and AA have similar structures (figure 5) and are 

oxidized at nearly the same potential at almost all carbon-based electrodes as well as 

graphene so an overlapping voltammetric response for the oxidation of a mixture of DA, 

UA and AA is usually obtained. Moreover, DA is found in excellular fluid at 

concentrations of 5-50 nM while UA and AA have concentration that ranges from 120 - 

450 uM and 100-500 uM respectively [124,125,126].  

 

 

 

 
 

Figure 5 Chemical structures of a) DA, b) AA and c) UA 

 

 

Simultaneously measure AA, UA  and DA or selective detect DA in the presence 

of UA and AA is still a challenging task. Many groups reported the application of 

microelectrodes to simultaneously measure UA, AA and DA in vivo [122,123]. 

Amperometry, differential pulse voltammetry and fast scan cyclic voltammetry are 

A   B   C  
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usually used to detect DA in vivo or in vitro.To tackle the issue, carbon nanotubes as well 

as graphene electrodes were modified using catechol and chitosan. Chitosan and catechol 

solutions were made to then be electrochemically deposited unto the electrodes. As the 

carbon nanotubes and graphene-modified microelectrode were prepared, several kinds of 

biological molecules such as ascorbic acid (AA), dopamine (DA) and uric acid (UA) 

were examined. By taking advantage of the excellent electrochemical properties of 

graphene and carbon nanotubes, a new electrochemical method for in vitro measurement 

of DA, UA and AA was demonstrated. 

 

Electrode fabrication 

 

Carbon nanotubes 

Carbon nanotubes threads (SWNT) were purchased from Cheap Tubes (Part 

number: CTI-400). The CNT thread purchased are 100 um +- 10 %. The tensile strength 

is between 310 - 500 MPs, with a modulus of 4-6 GPa. The elongation at break is about 

20-30% and the density about 0.5 - 0.7 g/cm3. two CNT forests were drawn out forming 

two ribbons which were directly spun into a two-ply thread without any further treatment. 

The produced yarns were collected and tested for their electrical resistivity and ultimate 

tensile strengths. Scanning electron microscopy (SEM) was used to measure the 

diameters of the tested yarns [169]. All the tests were conducted multiple times to verify. 

consistency of the acquired data. 
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Graphene 

Graphene electrodes were fabricated by Cambridge Graphene Centre, 

(Cambridge,UK). Graphene was deposited on the surface of a 125 um diameter stainless 

steel (SS) electrode due to its great conductivity. The graphene electrodes fabrication 

were achieved by the control of layers of graphene grown using the chemical vapor 

deposition (CVD) technique on the stainless steel wire. The graphene transfer to SS 

surface happened in two steps. 1) transfer to a polymer substrate using Direct Dry 

Transfer; 2) transfer to ASS surface. In step one graphene was transferred to a  Poly-

butylene adipate-co-terephthalate (PBAT) surface. Graphene/metal foil and the polymer 

film were pressed (60 kgf/cm2) and heated (125 °C) in a hydraulic hot press machine for 

2 min. Once the system had cooled down the copper foil was mechanically removed from 

the polymer/ graphene (metal foil peeling). In step two the graphene surface deposited on 

the Poly-butylene adipate-co-terephthalate (PBAT) film is placed on the SS surface at the 

same time that temperature (125 °C) and pressure are applied. Once the process was 

completed, the cooled PBAT layer was removed in a 15 min chloroform bath (60 °C) and 

graphene/SS is obtained. 

 

Electrode modification procedure 

 

Chitosan  

Chitosan (Sigma Aldrich, CAS : 9012-76-4 , 1526.5 g/mol) deposition was done 

on the purchased graphene electrodes using a protocol provided by Hadar Ben-Yoav from 

the Department of Biomedical Engineering, Ben-Gurion University of the Negev, Beer 
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Sheva in Israel. In electrochemical macro-scale cell (WE – macro-electrode; CE+RE – Pt 

foil) filled with 1.5ml of room temperature (RT), 1% chitosan solution in PBS, a constant 

current was applied (calculate according to the current density 28.709 x 10-6  A/m2 (for 

graphene) and 18.943 x 10-6 (for CNT) for 45s (chrono-potentiometry; cathodic current). 

Then, the electrode was cleaned by dipping in PBS (10 mM Phosphate buffer saline. pH 

at ~7.0) and was left in PBS to prevent dehydration if needed. 

 

Catechol 

Catechol deposition was performed using the protocol provided by Hadar Ben-

Yoav from the Department of Biomedical Engineering, Ben-Gurion University of the 

Negev, Beer Sheva in Israel. In electrochemical macro-scale cell (WE – chitosan-coated 

macro-electrode, CNT or grad electrode; CE – Pt foil; RE – commercial Ag/AgCl). Let 

open current potential (OCP) to stabilize. Begin potential when OCP is ~0.063V. Fill cell 

with 1ml of 5mM catechol in 0.1M PB. Catechol grafting will be noticed when the 

surface becomes more brown. The electrode was immerse in DI to remove ungrafted 

catechol for 5 minutes then moved to fresh PBS in tube. The catechol modification 

procedure was repeated for other electrodes with fresh solution for each electrode due to 

oxidizing catechol.  

Oxidation chemical reaction 

Since chitosan is pH-reponsive, chitosan films are electrodeposited through a 

cathodic neutralization mechanism [6] in which the electrochemical reactions generate a  

region of high pH that neutralizes the chitosan polymer chains. This induces their self-
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assembly into a thin hydrogel film. The electrodeposited chitosan film is stable when 

there is an absence of an applied voltage and so long as the pH is maintained at 6.5. 

Catechol is then oxidatively grafted to chitosan through oxidation. When catechol is 

oxidized to a reactive o-quinome, it grafts/binds to chitosan through various linkages 

Schiff-base or Micheal type adduct formation. 

 

 

Figure 6 Catechol-chitosan hydrogel films. (A) Fabrication by first electrodepositing a film of the 

aminopolysaccharide chitosan and then oxidatively-grafting catechol moieties to the film. (B) Electrochemical 

reverse engineering approach to characterize the redox properties of the catechol-chitosan films [170]. 

 

 

 

Due to catechol-based material being insoluble in water and most solvents, and 

methods for characterizing redox properties of insoluble materials are not particularly 

versatile, non-conductivity is also noticed in these films because of the oxidative grafting 

of catechol does not generate the conjugated aromaticity that is common to conducting 

polymers, and only few of the grafted catechol moieties  (gel ≈1μm thick) are contacting 
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the underlying electrode which is needed for direct electron exchange, thus diffuculty 

arises in the characterization of the material [170]. Despite their non-conductivity, they 

have shown to be redox-active as they can accept electrons from diffusible reductants and 

donate electrons to diffusible oxidants. This involve incubating the material in the 

presence of a diffusible reductant (or oxidant) and measuring how much of this diffusible 

species is consumed by donating electrons to (or accepting electrons from) the material 

[170]. 

To do so, we used electrochemical instrumentation to expose our catechol-

chitosan films to controlled voltage inputs; by using diffusible redox mediators to 

“transmit” these voltage inputs from the electrode surface into the film; and generates an 

output response-current that can be analyzed to assess the film’s redox properties. an 

electrode coated with the catechol- chitosan film is immersed in a solution containing 

diffusible mediators that serve to shuttle electrons between the electrode and the grafted 

catechols [170]. 

The incubated film are exposed to a voltage that is cycled into the reducing 

region, the HARu mediator is reduced at the electrode to its HARu2+ state which diffuses 

into the film and can donate electrons to the film and converting the oxidized quinone 

into reduced catechol moieties [170]. An example of this exchange of electron transfer is 

illustrated in figure 6B. HARu3+ transfer electrons from the electrode to the film in the 

reductive redox-cycling mechanism. In the oxidative range, the ferrocene dimethanol 

mediator (Fc) can engage in oxidative redox-cycling that serves to transfer electrons from 
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the film to the electrode presumably converting the reduced catechol moieties into 

oxidized quinone moieties [170]. 

The output response-current in Figure 6B shows the response of the catechol-

chitosan film in comparison to those for a control (redox-inactive) chitosan film [170]. 

One obvious feature of this response is the increase in the current response of the 

HARu3+ -reduction and Fc-oxidation currents. Amplification of mediator currents is a 

signature indicating that the catechol-chitosan films are redox-active and can accept 

electrons (through HARu3+ -mediated reductive redox-cycling) and donate electrons 

(through Fc+-mediated oxidative redox- cycling). The steady output pattern over multiple 

cycles indicates that the catechol-chitosan film can be repeatedly oxidized and reduced 

[170]. 

This redox active chitosan-catechol film can now be used to bind to other 

functional groups and catechol groups such as dopamine through hydrogen bonds (figure 

7). 

 

 

Figure 7 Schematic illustration of a hydrogen bond that occurs between chitosan-catechol coating and a 

dopamine molecule. 
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Hydrogen bonds being the strongest of non-covalent bonds allows for electrodes 

coated with chitosan and catechol to have a high affinity for catechol groups such as 

dopamine. 

 

Redox validation 

A redox validation (figure 8a) is also performed to assure that deposition has 

occurred (figure 8b). This was done in a electrochemical macro-scale cell (WE – macro-

electrode, CE – Pt foil; RE – commercial Ag/AgCl) that was filled 1ml of 25µM 

Hexaammineruthenium(III) Chloride (HARu) + 25µM ferrocenedimethanol 

(Fc(MeOH)2),  CV (Initial E=0; High E=0.7; Low E=-0.4; Final=0; “negative”; scan 

rate=0.1V/s; cycles=1; sample interval=0.001V; quiet time=5s; sensitivity=10-5; E final 

of -0.4V). (OCP 0.044V – 0.067V) was performed using the parameters stated. Repeated 

procedure for other electrodes occurred in a fresh solution for each electrode 

 

A 
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B

 

Figure 8 shows the a) redox validation and the 5 mm PBS test of chitosan-catechol CNT electrode 8 before and 

after the electrodeposition of  chitosan and catechol. Electrodeposition increased the charge storage capacity of 

the electrode. 

 

 

Electrochemical characterization of working electrodes 

 

Cyclic voltammetry 

The experiment was conducted on the modified CNT (n=6) and graphene 

electrodes (n=6) and bare CNT (n=6) and graphene electrodes (n=6), in phosphate-buffer 

saline (PBS) (0.1 M, pH 7.4), and in 4 concentrations (10-6 M, 10-7 M, 10-8 M, and 10-9 

M) of DA + Artificial Cerebrospinal Fluid (aCSF), UA + aCSF, AA + aCSF and UA + 

AA + DA + aCSF solution to determine basic characteristics of the sensor as well as for 

the longterm stability testing in PBS.  Cyclic voltammetry (CV) was also performed with 

a three-electrode setup, with voltages from -0.4 V to 0.7 V at a scan rate of 100 mV/s for 

a total of 5 cycles. 
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Surface characterization 

Surface characterization for each electrode will be achieved by analyzing bode 

plot obtained through EIS. A change, either increase or decrease in the impedance will be 

noted over the longterm testing (3 months) between modified and unmodified electrodes 

as well as in solutions tested. 

 

Stability 

Stability will be evaluated by the cathodic charge storage capacity of (cCSC). 

cCSC will be  determined by applying integration over the cathodic half of the period; the 

resulting plot can be referred to as the cCSC (cathodic charge storage capacity), given in 

Coulombs. 

 

Reproducibility 

Since reproducibility is the ability of the biosensor to generate identical responses 

for a duplicated experimental set-up. Reproducibility will be evaluated as the 

experimental set-up will be repeated on 6 electrodes total in each category - recognized as 

batch stability. 

 

Sensitivity  

The sensitivity of the electrode is expressed as the slope of the linear regression 

for a plot of peak anodic currents at varying concentrations of DA, UA and AA. The error 

in each of these calculations is defined by the standard deviation of LOD’s and 

sensitivities for the sample of electrodes considered. 
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Selectivity  

As stated above, selectivity is the ability of a bioreceptor to detect a specific 

analyte in a sample containing other admixtures and contaminants. This will be tested 

through the inteferences of AA and UA in the solutions. 

 

Statistical analysis 

Once the data will recorded, it will be analyzed using a one-way ANOVA test to 

reveal if there was a statistical significance (confidence level 95%) between the mean of 

the oxidative peaks for each concentration between the modified and the unmodified 

electrode. The limit of detection (LOD) as well as the sensitivity will also be calculated to 

establish the reliability of the electrodes. 

The LOD will be calculated using the following equation - LOD (M) = 3 * 

standard deviation of peak anodic currents (A) / sensitivity of electrode (A/M), where the 

standard deviation of peak currents was measured over five cycles of cyclic voltammetry 

for a PBS solution containing no dopamine. The error in this calculation is defined by the 

standard deviation of LOD’s for the sample of electrodes considered. 
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RESULTS 

Gold coupons 

As previously stated, past studies have reported detecting DA, which is a 

catechol-like phenolic compound, using a catecholase-based system. Chitosan is 

considered to be a promising material for modification of the electrode surface due to its 

physico-chemical properties, i.e., pH-responsive behavior, excellent film-forming ability, 

stability, high permeability toward water, strong adherence to the electrode surface, 

biocompatibility, no toxicity, low in cost, high mechanical strength and susceptibility to 

chemical modifications in the presence of reactive amino and hydroxyl functional groups. 

More importantly, chitosan has been electrodeposited on electrodes with high 

spatiotemporal resolution by using a simple biofabrication method [147]. In addition, 

coupled with catechol results in a catechol-chitosan film that can amplify DA oxidation 

current through a redox-cycling reaction [147]. Thus, we opted to test its vitality of the 

coating on gold coupons. We propose a fabrication method developed by Wrinklier et al. 

[147] and the characterization of gold electrodes coated with catechol-chitosan film as an 

improved sensor for DA detection in neurological applications with reasonable selectivity 

and shelf-life of several days. 
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Methods 

Gold planar working electrodes (0.5 × 1 mm², 1000 Angstrom (Aº) of Au on 20 

nm Cr adhesion layer were fabricated using Plasma Vapor Deposition (PVD) on glass 

substrates of 1 mm thickness. Electrodes were immersed in a preparation of chitosan 

solution followed by electrodeposition. Chitosan was prepared by dissolving 15 g/L of 

chitosan in deionized (DI) water (9.8  mM). Using a 3-electrode setup, with platinum foil 

as a counter electrode (NADA Scientific, SKU: N235-3155-04), gold as a working 

electrode and Ag/AgCl as a reference electrode (Warner instruments, CAT: 64-1311), a 

cathodic current of 6 A/m2 was applied for 45 seconds using a potentiostat (CH1660DD). 

To conclude the electrodeposition, an anodic potential of 0.6 V (vs Ag/AgCl) was applied 

on the chitosan electrodes immersed into 5 mM catechol solution in DI water for 180 

seconds. The experiment was conducted on the modified gold electrodes (n=2) and bare 

gold electrodes (n=3), in phosphate-buffer saline (PBS) (0.1 M, pH 7.4), and in 5 

concentrations (10-5 M, 10-6 M, 10-7 M, 10-8 M, and 10-9 M) of DA solution to 

determine basic characteristics of the sensor. Redox validation was performed using a 

Ferrocene solution in DI water of 1 mM to provide a reference for electron transfer rate.  

Cyclic voltammetry (CV) was also performed with a three-electrode setup, with voltages 

from -0.6 V to 0.6 V at a scan rate of 100 mV/s for a total of 5 cycles when the gold 

working electrodes were immersed into the different concentration of DA solutions. 
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Electrochemical characterization 

The bioelectrochemical experiments were carried out using a high efficiency, 

research-grade potentiostat designed for fast and low-current measurements CHI660D 

potentiostat/galvanostat  (CH instruments, Inc, Austin, Texas) with a computer-controlled 

data acquisition and retrieval system. The experiments were carried out by recording the 

CV and electrochemical impedance spectroscopy (EIS). The characterization of the 

electrochemical behavior of each electrode was performed in PBS (0.1 M, pH 7.4), and 

DA (10-5 M, 10-6 M, 10-7 M, 10-8 M, and 10-9 M) + PBS (0.1 M, pH 7.4). The 

electrodes were positioned in the sample, and electrochemical measurements were 

simultaneously taken. Once the data was recorded, it was analyzed using a one-way 

ANOVA test to reveal if there was a statistical significance (confidence level 95%) 

between the mean of the oxidative peaks for each concentration between the modified 

and the unmodified electrode. The limit of detection (LOD) as well as the sensitivity 

were also calculated to establish the reliability of the electrodes. The stated values reflect 

an average of three unmodified bare gold electrodes, and two chitosan-catechol modified 

electrodes. The LOD was calculated using the following equation - LOD (M) = 3 * 

standard deviation of peak anodic currents (A) / sensitivity of electrode (A/M) - where 

the standard deviation of peak currents was measured over five cycles of cyclic 

voltammetry for a PBS solution containing no dopamine. The error in this calculation is 

defined by the standard deviation of LOD’s for the sample of electrodes considered. The 

sensitivity of the electrode is expressed as the slope of the linear regression for a plot of 

peak anodic currents at varying concentrations of dopamine. The error in each of these 
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calculations is defined by the standard deviation of LOD’s and sensitivities for the 

sample of electrodes considered. 

 

Chitosan-catechol modification reliability 

Successful chemical modification of the electrodes was determined by an increase 

of signal sensitivity to DA concentration.  This sensitivity change is also reflected in the 

increased limit of detection (LOD) relative to an unmodified electrode. The LOD was 

calculated using the formula ((k * SD)/m), where k is chosen to be 2 or 3; k-value 2 

corresponds to a confident level of 92.1% and k-value 3 corresponds to a confident level 

of 98.3%. SD is the standard deviation of the background signal and m is the calibration 

sensitivity that is slope of the linear plot between concentrations versus current (figure 

10). Comparing the LOD between modified and unmodified electrodes gives a 

comparison of the noise to signal ratio associated with each since a signal-to-noise ratio 

between 3 or 2:1 is generally considered acceptable for estimating the detection limit.  A 

comparison of average LOD and sensitivity between selected modified and unmodified 

electrodes is shown below in Table 1. 

Table 1 Limit of detection and sensitivity Comparison for Modified Electrodes for DA on chitosan-catechol gold 

electrodes (modified electrodes) and bare gold electrodes (unmodified electrodes). 

 Limit of Detection 

(10-5 M) of electrode 

types 

Sensitivity (A/M) of 

electrode types 

Modified Electrode 1.057 ± 1.3  0.27 ±  0.1  

Unmodified 

Electrode 

1.340 ±  2.4 -0.083 ±  0.8 

(essentailly zero) 
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Table 2 Signal-to-Noise Ratio for Unmodified and Modified Gold electrodes 

Concentrations SNR 

Unmodified 

Electrodes (dB) 

SNR Modified 

Electrodes (dB) 

1E-09 7.14E-01 1.16E-01 

1E-08 6.44E-01 1.32 

1E-07 2.03E-01 1.48 

1E-06 5.25E-01 1.73 

1E-05 9.71E-01 1.54 

 

 

The distinction here is that the noise to signal ratio shown in table 2 does not 

change appreciably during the modification process.  Alternatively, the sensitivity to 

dopamine increases by a factor of roughly 3 after modification, on average. 

 

 

Figure 9 Cyclic Voltammetry curve of a chitosan-catechol gold coupon electrode at different DA concentrations. 
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Figure 10 Peak current of the oxidative reaction of DA for a bare gold electrode and for a chitosan-catechol 

modified electrode. show linear regression and errors in measurement. 

 

 

Integrating these voltammogram curves (figure 9) with respect to time gives the 

oxidative charge (figure 11) associated with each concentration of dopamine. 
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Figure 11 Oxidative charge at the different concentrations of dopamine for a bare gold and  for a modified gold 

electrode. (show linear regression and errors in measurement) 

 

 

The oxidative charge is directly proportional to the concentration of DA for the 

modified electrode (Y = 0.09200*X + 1.510), while the bare gold electrode showed no 

visible trend (Y = -0.03100*X + 0.6070) due to the negative slope propagated by 

unstable rise and fall of the oxidative charge across all concentrations in any of the 

electrodes we tested.  Variation for the bare gold electrode is accounted for by changes in 

exposed surface area of electrode.  Theoretically, the data for the bare gold electrode 

should also be proportional to DA concentration, but with a sensitivity less than that of 

the modified electrode.  As seen in figure 11, the chitosan-catechol surface modification 

appears to affect the diffusion-limited current present at voltages higher than the 

oxidation potential of dopamine.  As the overall current does not drop significantly at 

these potentials, the diffusion rate seems to be improved through modification.  Increase 

of the diffusion-limited current is most likely due to an increase in the amount of 

electrons transferred per molecule of DA. 

Electrode stability 

Shelf-life of the fabricated electrodes and reproducibility over time (18 days) was 

also studied for these electrodes (figure 12).  CV was performed over a period of time, 

with electrodes stored in PBS and air. Electrodes stored in PBS were tested continuously 

every 3 hours using macro commands on the CHI 660D apparatus. Due to experimental 

limitations, electrodes stored in air, were tested every 3-4 days. All electrochemical tests 

were performed in PBS containing a 10 μM of DA, which is high enough to not be 
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significantly depleted over time. These values were compared to the signal from a bare 

gold electrode as well as to the chitosan-catechol modified electrode, to which the 

modified electrode signal values eventually returned. 

 

 

Figure 12 Signal decay of the aging bare and modified gold electrodes in PBS stored in air and a buffer solution 

 

 

The signal decay seen in the modified electrode stored in air is roughly three 

times slower than that of the electrode stored in solution.  Based on these measurements, 

the modification of the gold electrode described seems to be functional for only about 

two weeks, when stored in air.  Storage in PBS yielded a more rapid decay, with the peak 

oxidation current reaching its lowest value after 3 days.  As the modifications degrade 

totally, deviation from the unmodified electrode is likely due to differences in surface 

area or even the usage of the same electrode multiple times. In this case, catechol could 

have depleted causing the decay and the functionability to decrease quickly.  This is 
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supported by the disparity between current for modified electrodes stored in air and PBS 

after about 20 days. 

Electrochemical behavior and chitosan-catechol sensor 

When the electrode surface was previously prepared with the chitosan and 

catechol mixture, a greater response to the dopamine current was obtained. This indicates 

that the presence of the complex substantially improved the electron transfer on the 

electrode surface. Catechol oxidases are responsible for the oxidation of a variety of 

phenolic compounds to their corresponding o-quinones with the simultaneous reduction 

of the oxygen to water molecules. The action of catechol oxidase enzymes, oxidizing the 

dopamine molecule to its corresponding o-quinone, which is electrochemically reduced at 

the electrode surface at a potential of +0.3 V. Chitosan cross-linked with catechol was 

used to fix the mixture on the gold electrode surface and to also act as a selective polymer 

modifier. The sensitivity increased by a factor of 50; this was achieved through a 

recharging process using CV by a applying a redox validation on the chitosan-catechol 

film to better promote adhesion to the dopamine molecules for the different 

concentrations. This redox validation was applied to some of the deposited sensors as 

seen in the previous chapter.  

One potential source of error in the measurement of the electrode stored in 

solution was the possibility for dimerization of dopamine.  Repeated oxidation and 

reduction of dopamine may form dopamine dimer, which prevents repeated oxidation and 

reduction [19].  Due to the nature of this setup, fresh solutions could not be supplied for 

each set of CV.  These factors may have resulted in an accelerated decrease in peak 
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oxidative current over time.  Despite this variable, it can be concluded that storage in air 

does in fact allow for greater retention of functionality for these modified electrodes. 

 

 

Carbon nanotubes and graphene electrodes 

The results of the experiment performed with gold coupons showed how the 

developed catechol-chitosan coating was applied to dopamine sensing and characterized 

over time with the objective of implantable devices. We characterized the detection 

performance of the electrodes using electrochemical techniques that recorded different 

concentrations of DA and were used to determine the sensitivity, accuracy, and the 

overall performance of the electrode. However, some pitfalls that were noticed included 

electrode size, sample size, low limit of detection, and most importantly lower 

reproducibility rate and simultaneous detection with interferences. Even though we have 

performed assays with the in vivo concentrations of dopamine (the microMolar level), 

and have shown results for nanoMolar concentrations, we are aware of potential pitfalls 

when translating such results to more complex cerebro-spinal fluid-like solutions. Thus to 

improve the success of the coating, we opted for carbon nanotubes and graphene 

electrodes due to their high electrical conductivity, large surface area, biocompatibility 

and relatively low cost of preparation. We intent to first submit our sensors to further 

assays in order to fully characterize their selectivity and specificity. 
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Physiochemical characterization 

The characterization of chitosan-catechol graphene electrodes begun after the 

redox validation. The redox validation was performed to assure deposition. Electrodes 

were immersed in a mixture of Hexaammineruthenium(III) chloride (HARu) and 

ferrocene. To then ensure that the graphene electrodes’ deposition was successful, a PBS 

test was performed for each electrode. To do so the electrode was lowered, with a 

micromanipulator, 5 mm past the surface of the beaker containing PBS before and after 

the deposition. This assured that a change or increase in charge storage capacity was 

noticed after the deposition. The modified graphene electrode and the unmodified 

graphene electrode showed an increase in the CV curve after the deposition. Similarly, 

the chitosan-catechol carbon nanotube electrode what characterize using PBS after the 

redox validation occurred. To determine if validation was visible using CV, the PBS test 

was also used. The modified electrode showed a greater increasing the surface area 

(99.14x 106 C) of versus the unmodified electrode (71.02 x 106 C) averaging an increase 

of 28 +/- 5% for each electrode. That in conjunction with the redox validation showed 

that chitosan and catechol were deposited on the surface of electrodes. 

 

Voltammetry responses for different electrodes 

After the redox validation was assured using the PBS test, voltammetric responses 

were determined for all the electrodes for ascorbic acid (AA) dopamine (DA) and uric 

acid (UA) separately. Figure 13, 14, 15, 16 shows modified CNT (n=6) and graphene 

electrodes (n=6) and bare CNT (n=6) and graphene electrodes (n=6), in artificial cerebral 
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spinal fluid (aCSF) and in 4 concentrations (10-6 M, 10-7 M, 10-8 M, and 10-9 M) of DA + 

aCSF, UA + aCSF, AA + aCSF. As noticed in for the CNT modified electrodes in figure 

13, AA and UA show irreversible oxidation peaks at -0.159 and  0.393 , respectively. 

DA, on the other hand, depicts a reversible redox couple with an anodic and cathodic 

peaks at 0.125 and 0.02. For the CNT unmodified electrodes, the corresponding oxidation 

peak potentials of AA, DA, UA are shifted to n/a , 0.163, 0.415. The current observed on 

the modified CNTs approximately doubled in value. This maybe due to the increased 

surface area and/or the catalytic activity of the chitosan-catechol CNT electrodes. In 

comparison to the unmodified electrodes, the DA and UA oxidation peaks what also 

negatively shifted indicating a catalytic activity of the electrode material. For the 

modified graphene electrodes the CV curve shows consistent distinct peaks for a DA only 

and occasional peaks for UA. The oxidation peaks well well defined at 0.228 mV. 

However, the CV curves shows indistinctive peaks from both UA and AA where peaks 

will interfere and end up in the region where DA is oxidized or not even shown at all. 

The unmodified graphene electrodes showed an even worse ability to detect UA and AA 

at the different concentrations.  Not only where the oxidation peaks of DA the only 

noticeable peaks, but not every electrode was able to effectively detected it. Thus the 

oxidation peaks for DA noticed where at 0.191 mV.  

Cyclic voltammograms with different scan rates for each electrode type at the 

nanomolar concentration in the same solution was determined (figure 20, 21). The plots 

of the oxidation peak current as function of the scan rate showed good linear relationship  

in all 4 cases (R2 = 0.99) which indicates an absorption control process for all four types. 
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Figure 13 CV curve of 200 mM AA, 50 mM DA, 200 mM UA for chitosan-catechol CNT electrode 5 

 

 

 
Figure 14 CV curve of 200 mM AA, 50 mM DA, 200 mM UA for bare CNT electrode 6 

 

 
Figure 15 CV curve of 200 mM AA, 50 mM DA, 200 mM UA for chitosan-catechol graphene electrode 4 
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Figure 16 CV curve of 200 mM AA, 50 mM DA, 200 mM UA for bare graphene electrode 6 

 

 

 

Statistical analysis 

After detecting  AA, DA and UA with each electrode type, a statistical analysis 

was performed to determine the significance of the peaks before performing simultaneous 

detection.  When assessing the main effects of each dependent variable (peak current), 

Mauchly’s test was used to determine if the data violated the assumption of sphericity. If 

Mauchly’s test indicated that the assumption of sphericity was not met, the Greenhouse-

Geisser correction was applied. All main effects utilized a Tukey confidence interval. 

Two-tailed p-values less than 0.05 were considered significant. 

 

DA vs. types of electrodes 
There is a significance difference between the peak current of DA concentrations 

(p<0.001) whereas no significant difference was determine between each electrode type 

per concentration (p = 0.081). This means that the way that DA is interacting with each 

electrode is the same, therefore batch and electrode fabrication is consistent across all 

electrode types.  There is also no difference at each peak current per electrode type but a 

significance is seen in the between-subject effects; this shows that each electrode type is 

different and that each electrode can differentiate between each peak current of the DA 

concentrations. The results also  revealed that the difference in electrode type can be seen 

between the CC-CNT and CC-GRA as well as the CC-CNT and B-GRA. Since the 

difference was observed between the CC-CNT and CC-GRA as well as the CC-CNT and 

B-GRA, we can infer that the electrode types are able to show a decrease in DA peaks as 
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the concentration goes down. The results (figure 17) also show that the highest peak 

current per concentration was detected with the CC-CNT electrodes, proving that the 

coating as well as the material of the electrode can provide a better distinction in the peak 

current per DA concentration by increasing the peak current. 

 

Figure 17 mean value of peak current per DA concentration for each electrode type. 

 

 

 

UA vs. types of electrodes 
Significance of the Greenhouse-Geiser showed that a different peak current is 

generated per concentration as well as that each electrotype is able do distinguish 

between these values differently.  The between-subjects effects also shows that there is a 

difference in each electrode type validating that they are different. Moreover in the 

detection of UA peaks, CC-CNT showed a difference in measuring peak current in 

comparison to B-CNT. This means that the coating could have an effect on the 

measurements. The same was not shown with GRA electrodes. In this case, the CC-GRA 

and B-GRA did not have a significant difference in their measurement of UA peak 

current. When comparing the types of electrodes, CC-CNT and B-CNT electrodes 
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measured differently than GRA electrodes. Additionally, the comparison of the 

performance of each electrode type to the measured peak current revealed that the coating 

effect between the CNT electrode allows for the CC-CNT to measure a higher UA 

current peak per concentration versus the rest of the electrode types. This is also noticed 

in the graph (figure 18), where CC-CNT shows the highest difference in peak current and 

shows its ability to measure and differentiate between peaks while the remaining had a 

lower difference or could not especially at lower concentrations. This shows that the 

coating is imperative. 

 

 

Figure 18 mean value per UA concentration for each electrode type 

 

 

 

AA vs. types of electrodes 
The AA peak currents per concentrations are significant however each electrode 

type is not able to measure the peak current per concentration differently (p = 0.059). 
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This means that there isn’t a difference in the measurement that each electrode type 

detects per concentration, concluding that the coating as well as the material does not 

affect the peak current as well as does not amplify the AA signal in the solution. The 

pairwise comparison does show a difference in CC-CNT and CC-GRA electrodes as well 

as CC-CNT and B-GRA but each electrode type is not different in measuring the peak 

current per concentration of AA. They cannot differentiate between the different peaks 

regardless of the coating and material. This is confirmed in the collected data as only data 

was able to be collected for the micro molar concentration. All of the CC-CNT 

electrodes, 3 of the B-CNT , 1 of the CC-GRA and 1 of B-GRA electrodes were able to 

detect 200x10-6 M peaks while only one of the CC-CNT electrode was able to detect a 

200x10-7 M peak. This is also evident in the graph (figure 19) where CC-CNT showed a 

difference in the peaks of the first two concentrations where the other electrodes did not 

even show a difference. 

 

 

Figure 19 mean value per AA concentration for each electrode type 
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Simultaneous Determination of AA, DA and UA 

After the statistical analysis was determined and concluded that the CC-CNT 

should perform better as a detecting electrode, simultaneous detection was performed for 

each type to show if the CC-CNT electrode can in fact separate the oxidation current 

peaks.  As previously stated, the dynamics of availability and clearing of DA in the brain 

is an important factor for determining neurological disease. However, the existence of 

interferences such as AA and UA at high concentrations prevents proper measurements 

of the time course of DA availability in the extracellular space. Figure 22 show CVs of 

bare CNT, chitosan-catechol CNT, bare graphene, chitosan-catechol graphene electrodes 

in a CSF solution containing the mixture of 50 mM DA, 200 mM UA and AA and 50 nM 

DA, 200 nM UA and AA, respectively.  

As it can be seen in the figures 22, only the distinct peak of DA can be seen for 

the bare CNT at  0.191 V, 0.104 V for the millimolar and nanomolar concentration 

respectively, chitosan-catechol CNT at 0.201 V, 0.082 V, bare graphene showed no peaks 

at both concentrations, and chitosan-catechol graphene showed a peak at 0.259 V for the 

millimolar concentration of DA. As shown in figure 22, the voltammetric response at 

bare CNT and bare graphene electrodes were observed as weak and broad peaks, which 

suggests the both of the electrodes were very poor in selectivity and sensitivity. As for the 

modified graphene electrode, the current increased as founded in the CV technique in 

figure 8, but simultaneous detection of AA, UA and DA was still hard to achieve having 

some of the peaks not being shown at all. While in curve 10, for the modified CNT 
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electrode, three distinct and well-defined voltammetric peaks at -0.159 V ,0.451 V, 0.201 

V for AA, UA and DA respectively, were observed at the millimolar concentration. 

 

 

Figure 20 CV curve of bare CNT, chitosan-catechol CNT, bare graphene, chitosan-catechol graphene electrodes 

in aCSF solution containing the mixture of 50 mM DA, 200 mM UA and AA 

 

 

 
Figure 21 CV curve of bare CNT, chitosan-catechol CNT, bare graphene, chitosan-catechol graphene electrodes 

in a CSF solution containing the mixture of  50 nM DA, 200 nM UA and AA. 
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C 

 
 

 

D 

 

 
Figure 22 CV curve of a) chitosan-catechol CNT, b) bare CNT, c) chitosan-catechol graphene, and d) bare 

graphene electrodes in aCSF solution containing the mixture of 50 mM DA, 200 mM UA and AA to 50 nM DA, 

200 nM UA and AA. 

 

 

Numerous electrodes presented in table - detailed out information about the 

analytical data (sensitivity, detection limit, interferences) of a variety of biosensors. The 

best characteristics for dopamine biosensors were obtained by Wang et al. and Zhu et al.. 

They achieved a low level detection limit for dopamine. However, it is very difficult to 
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compare the results, because of lack of information about the surface properties of the 

graphene-modified electrodes and the lack of information pertaining to the size of the 

electrode used in Zhu et al. The remaining electrodes showed a greater LOD with a 

greater electrode size. Though they might be considered suitable for DA detection in the 

presence of interferences, there is still a lack of research in their miniaturized form. In 

comparison to the list of biosensors, our CNT/CS/CC biosensor was able to achieve a low 

LOD of 5 × 10-8 mol L-1 whilst using a small diameter and surface area something not 

yet observed with other sensors. This finding further validates the statistical analysis 

made. 

Stability  

Stability plays an important role in the determination of the performance of a 

biosensor. This can be due to the weakness of the physical interaction and the 

susceptibility of the binding energy to the environment (pH, ionic strength, type of ions) 

can result in enzyme losses and instability during practical application. The stability of 

new electrocatalytic CNT and graphene dopamine biosensor was studied. 

 

Methods  

To do so, CNT and graphene modified and unmodified sensors were studied 

under dry and wet conditions for 90 days. The results were recorded every 3 days for 3 

months. Under wet conditions, the electrodes were stored in PBS solution at room 

temperature (23.2 +/- 0.5 ºC) for the duration of the testing while the electrode was stored 

in open air (room temperature 23.2 +/- 0.5 ºC) under dry conditions. Using the CHI660D, 
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CV curves were recorded to monitor the variability of the charge storage capacity (cCSC) 

of the electrodes overtime. 

Results 

The CNT unmodified and modified biosensors usually retained approximately 

90–95 % of their original response after one week under the same experimental 

conditions. In the long-term the stability gradually decreased to 50-55 % or less for the 

CNT unmodified for both the wet and the dry conditions while stability decreased to 80-

85% for the CNT modified for both the wet and dry condition. The stability of the 

biosensor seems to be better when modified using the catechol and chitosan coating. This 

could potentially be due to the mechanistic approach of electron transfer as it is entirely 

different when the coating is added. 

  Consequently, the graphene unmodified and modified sensors behaved similarly. 

The biosensors were able to show retainment of 90% their original response after one 

week. Stability decreased to 45% or less for the unmodified graphene electrodes while 

there was less of a negative incline with the modified graphene electrodes (75%). 

Regardless of the performance of the electrodes, the results are indicating an increase in 

stability performance of the electrodes as the chitosan and catechol coating is added to 

the surface providing a single decay to be about 3-4 times slower than that of the 

unmodified electrode. As the modifications degrade totally, deviation could also likely be 

due to differences in surface area or even the usage of the same electrode multiple times. 

However, the coating on the CNT and graphene electrodes depleted less rapidly and 

retained functionality better than the gold coupons. 
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Statistical analysis 

 

CSC analysis of CNT electrodes in both dry and wet conditions 

The variability of cCSC over time is significant (figure 23). The cCSC of each 

electrode type also shows a significance over time but each electrode type is not 

significantly different from one another. Due to time impacting the cCSC, the results 

show that cCSC for the CNT electrodes is increasing over the testing period. This is seen 

in the CC-CNT in the dry condition, were the cCSC starts at 265.8 uC to 1600 uC 

indicating that the modification and dry condition might actually cause the increases in 

cCSC over time. the modification has more of an impact in the dry condition due to the 

increase in cCSC.  

Though the cCSC of the remaining of the electrodes increase less steeply over 

time, there is still not a significance difference in the cCSC measurement per electrode 

type proving that the electrodes have a similar baseline cCSC and that the condition as 

well as the coating are what is affecting the change overtime. 
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Figure 23 average CSC of each CNT electrode type over time  

 
 

  

 

CSC analysis of GRA electrodes in both dry and wet conditions 

For the graphene electrode, time does have an effect on the cCSC values (figure 

24). However, the change in cCSC of the each electrode type over time is not 

significantly difference. This shows that the cCSC doesn’t change significantly per 

electrodes type over type. Despite such conclusions, the between-subjects effects reveal 

that each electrode type is different. For all electrode, the trend shows a decrease in cCSC 

over time but due to the difference in electrode type, CC-CNT has a higher baseline than 

the remaining electrode. In this particular set, the condition as well as the coating does 

not seem to affect the cCSC because of the fact that significance was not shown in 

between the cCSC of each electrode type over time. In this case, the CSC of graphene is 

not affected by the conditions as well as the coating, thus promoting batch stability. 
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Figure 24 average of cCSC of each GRA electrode type over time 

 

 

Impedance analysis 

CNT electrodes (day 1 vs. day 90) 

At high frequencies (100kHz),  resistance is significantly impacted by time where 

time is impacting the electrodes the same way but a non significance interaction effect is 

still maintained. While determining the effects of electrode type on resistance over time 

at 100kHz, results indicated that electrode type does not affect the resistance at different 

frequencies. Since there was a significant difference in resistance over time (except 10 

Hz), the data suggest that the resistance of each electrode type increases over time. Thus 

the coating and the conditions does not affect the resistance of each electrode type. Over 
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time the overall the electrodes become more resistive. This could be due to repeated CV 

curves or debris forming along the surface. 

To break it down even further, we looked to determine what type of electrode 

increased or decreased over time at high frequencies. We noticed that at high frequencies, 

resistance has a significant change over time. Therefore, the CC-CNT dry decreases in 

resistance overtime, B-CNT dry  (with a std error is high) , CC-CNT and B-CNT wet 

increases over time. The electrode type however does not affect the frequency change 

over time. This means that the change does not have to do with the condition or the 

modification; therefore batch consistency is promoted. This is also enforced by the 

between-subjects effects (p = 0.391). 

There is no significance difference in resistance at a frequency of 10Hz over time. 

Moreover, the electrode type does not significantly affect the resistance at 10Hz over 

time. Therefore resistance does not change at this frequency. 

At low frequency, there is a significant change in resistance over time but the 

electrode type does not seem to affect that change in resistance at 1HZ . Thus we can 

conclude that resistance does increase over time across all electrode types (figure 25). 
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Figure 25 Impedance 1 DAy vs. 90th day at high and low frequencies for all CNT electrode types 

 

 

 

GRA electrodes (day 1 vs. day 90) 

 

In terms of the resistance at each frequency (1 Hz, 10 kZ, 100kHz) overtime, the 

graphene electrodes showed a significance difference in resistance measurements over 

time (p = 0.045). This emphasized that time does have an effect on resistance. However, 

the type of electrode does not seem to have an effect on the resistance at the different 

frequencies over time (p=0.830). Moreover, there is not a difference in electrode type 

after all with a p-value = 0.523. Thus suggests that the modification and/or the condition 

does not affect the resistance over time at each frequencies. In terms of the particular 

frequencies, significance is shown at 100 kHz only over time where the 100kHz 

resistance values does not seem to significantly differ from the 1 Hz frequency on day 1 

but does so overtime. Thus we can conclude that the resistance of graphene electrode 

across all types decreases overtime at 100 khz, making them less resistive (figure 26). 
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A 

 

 
 

B 

 
 
Figure 26: Impedance 1 DAy vs. 90th day at high and low frequencies for all GRA electrode types shown in 

figure 26a while the zoomed in version is showed in figure 26b 

 

 

 

Phase analysis  

CNT electrodes (day 1 vs. day 90) 

The statistical analysis reveals that there is significant change in phase over time 

across frequencies (p<0.001). Unfortunately, each electrode type does not have a 
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significant change in phase over time across frequencies (p=0.114). Thus the condition or 

the modification does not significantly affect the phase values measured. This is also 

solidified by the between subject effects (p=0.608) and pairwise comparison of each 

electrode type, showing that there is not a significant difference between each electrode 

type. Across frequencies, the results reveal that there is a significant difference only at a 

100kHz over time (from day 1 to day 90, p = 0.020) with both 1 Hz and 10 Hz showing 

no significant difference in phase across time (p=0.167 and p=0.115 respectively). This 

allows us to conclude that at the lower frequencies, each electrode type has a deeply 

negative phase (approximately -60 degrees) at 1 Hz, a moderately out-of-phase result 

(approximately -40 degrees) at 10 Hz, and a mostly in-phase behavior (approximately -5 

degrees) at 100 kHz. This not only exemplifies batch consistency but that at higher 

frequencies, the electrode types are shifting from a resistive behavior ( in phase - 

behavior) to a inductive behavior (figure 27). 

 

 
 

Figure 27 Phase 1 DAy vs. 90th day at high and low frequencies for all electrode types 
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GRA electrodes (day 1 vs. day 90)  

For this batch of graphene electrodes, there is not only a significant difference in 

phase overtime (p<0.001) at the difference frequencies but electrode type affects the 

phase at the different frequencies overtime (p=0.046). Even though the latter is true, there 

is not a difference in electrode type (p=0.143) but we see a significance difference in CC-

GRA dry and CC-GRA wet (p=0.025). This means that the condition affects the phase 

value for modified electrode. Even though there was a significance difference in phase 

frequencies over time at a 100kHZ but not at a 10 Hz and 1HZ, the results also show no 

difference in phase between the latter frequencies. When looking at the interaction 

between the electrode types and frequencies over time, none of the electrode type have a 

significant difference in phase at 100kHZ. Thus at 100 kHZ, the CC-GRA dry and B-

GRA dry electrodes have a more resistive behavior, CC-GRA wet continues to exhibit a 

inductive behavior over time, while the B-GRA wet changes from an inductor behavior to 

a capacitor one over time. Batch stability is then better achieved with CC-GRA and B-

GRA dry because it retains it resistive behavior whereas a change in behavior is more 

noticeable in the wet condition but overall all the electrodes get out of phase over time 

(figure 28). 
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Figure 28 Phase 1 DAy vs. 90th day at high and low frequencies for all GRA electrode types 

 

 

 

Equivalent circuit model 

Based on the electrochemical impedance spectroscopy data acquired during the 

stability testing of the different types of electrode, an equivalent circuit model was 

documented for the coated CNT, bare CNT, coated graphene, and bare graphene 

electrodes to display the various behaviors of each electrode type. 

 

Figure 29 Equivalent circuit model used for the fitting of Nyquist plot for bare and coated CNT and graphene 

electrodes. 
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The Rs represents the solution resistance, R coating is the electrical resistance, 

CPE coating is  the dielectric strength resulting from the coating, CPE dl is the 

capacitance from the double layer at the coating and electrolyte interface and Rct 

represents the charge resistance transfer of the metal. In the case of the coated CNT and 

GRA electrode, the working electrode (WE) represents the CNT thread and SS+GRA; the 

coating film parameters represent the chitosan-catechol coating, and the Rs represent the 

solution resistance (figure 29, 30). 

 

Figure 30 One time constant circuit to fit the EIS results 

 

 

In the case of the bare GRA electrode, the working electrode (WE) represents the SS; the 

coating film parameters represent the GRA coating, while for the CNT electrode, the WE 

and coating film parameters represent the CNT thread. Based on the results, table 3 

shows the value of each element per electrode type on the first day and the last at each 

condition. 
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Table 3 EIS results of electrode type according to the coating materials 

Type Time 

(Day) 

Rs (ohm 

cm2) 

CPE1(Cfilm) 

(F/cm2) 

n1 Rfilm(ohm 

cm2) 

CPE2 

(Cdl) 

(F/cm2) 

n2 Rct(ohm 

cm2) 

CNT 

Dep – 

Wet 

1 4.98x102 2.68 x10-5 .90 4.88x104 4.43x10-6 .97 2.89x103 

CNT 

Dep – 

Wet 

90 2.90x102 3.31 x10-5 .57 2.30x103 

 

1.93x10-5 

 

1 1.48x104 

CNT 

Dep – 

Dry 

1 1.01x103 4.22x10-6 .94 1.61x105 7.19x10-6 .69 7.08x104 

CNT 

Dep – 

Dry 

90 2.11x102 4.26x10-5 .86 2.76x104 2.30x10-5 .79 9.40x102 

CNT 

UD – 

Wet 

1 7.25x102 1.11x10-5 .63 6.05x105 2.46x10-6 .89 2.80x104 

CNT 

UD – 

Wet 

90 4.53x102 2.06 x10-5 .81 1.89x104 3.21x10-5 .75 2.42x104 

CNT 

UD – 

Dry 

1 5.25x102 4.05 x10-6 .98 1.20 x103 5.90x10-6 .91 1.25x105 

CNT 

UD – 

Dry 

90 5.22x102 1.16 x10-6 .66 1.91x105 3.88x10-6 .58 3.26x103 

GRA 

Dep- 

Wet 

1 5.92x102 1.01 x10-5 .71 9.13 x104 6.20x10-6 .55 2.88x103 

GRA 

Dep- 

Wet 

90 3.17x102 1.30 x10-7 .85 4.84 x106 1.66x10-7 .82 8.32x104 

GRA 

Dep- 

Dry 

1 5.86x102 2.72 x10-5 .80 2.58 x104 5.70x10-6 .51 4.29x103 

GRA 

Dep- 

Dry 

90 4.20x102 9.58x10-6 1 2.85 x104 3.97x10-5 .37 1.70x104 
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GRA 

UD – 

Wet 

1 9.38x102 4.27x10-6 .58 2.63 x105 9.93x10-7 .93 6.61x105 

GRA 

UD – 

Wet 

90 1.85x102 3.48x10-7 .78 4.34 x106 3.41x10-7 .94 5.82x103 

GRA 

UD – 

Dry 

1 5.95x102 3.23x10-6 .50 1.51 x104 4.04x10-6 .90 6.31x104 

GRA 

UD – 

Dry 

90 5.07x102 1.35x10-5 .87 6.64 x106 6.05x10-7 .69 2.53x103 

 

 

CNT deposited – wet condition 

The decrease in solution resistance is due to the evaporation and the addition of a 

new batch of PBS in the existing solution over time. The changes in concentration causes 

the resistance of the solution of plummet. There is an inverse proportionality between the 

Rcoating and Rct. The decrease in the film resistance over time can be due to electrode 

deterioration, lower coating stability and installation of pores during the exposure of the 

electrode to the electrolyte [153,154] and the increase in Rct can be attested due to the 

stability of the CNT thread [153,154], aiding in the maintaining the charge transfer, the 

increase in the Cdl and Ccoating due to the increase in storage of higher charges despite 

the condition [153]. A high coating capacitance as observed on the first day, stores more 

charges, which degrades the coating faster, decreases the thickness of the film over time, 

that is why an increase in the Cdl and Ccaoting over time; which shows a decrease in the 

film’s thickness as time progresses. On the last day, the electrode behaves like a pure 

capacitor; this could be due to the accumulation of charges at the interface between the 

electrode materials and the electrolyte [155]. 
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CNT deposited – dry condition 

For the CNT Deposited in the dry condition, a change was more occurrent in the 

Cfilm and the Cdl. This increase in both parameters suggests that the high capacitance 

due to the coating promotes storage of higher charges [153]. This then increases the 

double layer capacitance. Due to the increase in stored charges, the coating could 

degrades faster promoting a decrease in the thickness of the coating over time [153]. The 

Rfilm and the Rct also decreased according to the immersion time, which meant that the 

film had deteriorated and is less stable over time. This could be due to the dry condition 

accelerating the process [154]. 

CNT undeposited – wet condition 

Though the solution resistance exhibits a decrease due to evaporation and addition 

of new solution, the CNT undeposited electrodes in the wet condition does seem to have 

a decrease in the film on the surface at the final stage based on the Cfilm due to the 

increase in Ccoating [154]. Because the increase in capacitance increases stored charges, 

the coating degrades faster. Furthermore, the electroes’ Rcoating and Rct decreased over 

time, which is due to electrode deterioration, low stability coating [153,154]. The 

decrease in Rcoating and Rct could be due to an installation of a non-protective layer 

could have formed on the surface of the electrode [154].   

CNT undeposited – dry condition 

With the solution resistance remaining the same in the dry condition due to the 

use of fresh solution everytime, Ccoating increased due to the storing of more charges 

overtime [153]. However the Cdl decreased over time. This represents an increase in the 
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films thickness. This is then translated in the increase in the increase in Rcoating because 

of the increase in stored charges. The decrease in the Cdl could be due to un-protective 

layer over the electrode surface. This then decreases the charge transfer of the electrode 

over time [153,154]. 

Based on the data acquired during each condition, elaborated on the behavior of 

the bare and coated CNT. Overall, the decrease in solution resistance overtime is 

observed during the wet condition; this is associated with evaporation and addition of 

new solution as time progresses. The only difference between the coated and bare 

electrode in the dry condition is the Rcoating and the Cdl. The Rcoating decreases 

overtime for the coated electrode whereas time seems to be the opposite effect on the 

resistance of the bare electrode. This shows that the coated CNT electrode in the dry 

condition seems to wear over time than the bare electrode due to its coating. In the wet 

condition, the electrodes differ in the Rct. The electrode have an inverse effect over time, 

where the coated electrode increases in Rct and the bare electrode decreases. This is due 

to the coating of chitosan and catechol because it provides an extra layer for charge 

transfer.  

 

 

GRA deposited – wet condition 

A decrease in the solution resistance in the wet condition for the graphene 

electrodes is also noticed due to evaporation and addition of new solution. The Ccoating 

and Cdl ferociously decreases in the span of the 90 days which indicates that the coating 

conductivity wore off over time. There could also be a porous non-protective layer 
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forming on the surface [154]. However, the opposite is true for the Rcoating and Rct. An 

increase in both parameters is noticed. This actually proves that the electrode did not 

deteriorate over time, has less population of pores generated, is more resistant which 

promotes good coating stability in the wet condition [153].  

 

GRA deposited – dry condition 

In the dry condition, the coated graphene electrode maintains its solution 

resistance, while decreasing in its Ccoating over time. This could be due to the lost of 

conductivity over time or a build up of debris on the surface of the electrode. The 

increase in the Cdl, Rcoating and Rct on overtime exhibits the stability of the film as time 

progresses [153,154]. The electrode despite its lost in coating capacitance over time 

seems to maintain a good coating stability. 

 

GRA undeposited – wet condition 

The undeposited graphene electrode in the wet condition exhibit the same 

characteristics as the coated electrodes in the wet condition, where the decrease in the 

Ccoating and Cdl is steep. However, the bare electrodes increases in Rcoating due to the 

actual robustfulness of the graphene coating and exhibits a wear on the electrode due to 

the repetitive testing that decreases the Rct [153,154]. 

 

GRA undeposited – dry condition 

In the dry condition, the bare graphene electrodes show an increase in the 

Ccoating, promoting graphene good conductivity. This increase allows for an increase in 

stored charges which degrates the coating faster and can cause an increase of porous non-
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protecting film on the surface of the graphene [153,154]. This leads to a decrease in the 

Cdl. Moreover, the degradation of the coating cause a decrease in Rct but since graphene 

is a good conductor and proctecting layer, the Rcoating increases. This shows that there is 

better coating stability over time. 
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DISCUSSION 

The results exhibited that CC-CNT and B-CNT provided a higher DA peak across 

all concentrations, this not only validates them as a better distinction material and the 

coating seems to provide a higher affinity for DA which is seen in the increase of peak 

current per DA concentration in comparison to the GRA electrodes. In terms of UA, the 

coating does not seem to affect the UA peaks current but rather seems to measure the 

peak current due to the change in concentration similarly. On the other hand, CNT 

electrodes show that the modification does affect the measurement. Since CC-CNT does 

measure a higher peak current, we can conclude that it is able to identify the 

concentration UA molecule on its surface than the remaining electrodes. For AA 

detection, electrodes material and modification did not have an effect on the peak current, 

neither by amplifying it or distinguishing between each peak current per concentration. 

This shows that each electrode has a lower affinity to AA in the solution.  Since CC-CNT 

electrodes were the only one able to detect more peak current, chances are better when 

using this electrode to detect some concentrations. 

In terms of the behavior of the electrodes over time, the results reveal the CC 

coating and the dry condition increases the cCSC of CNT (baseline being the same for 

each condition), making it a more electrically active material over time. The decrease in 

cCSC overtime, making the graphene electrode with or without the coating and at 
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different conditions less electrically active over time. At higher frequencies, the CC-CNT 

decrease in resistance over time, suggesting, which is also noticed in the phase (resistive 

behavior) suggesting that the electrode could be a better conductor over time. Even 

though all graphene electrode exhibit a resistive behavior based on the phase, the 

resistance results not only show a decrease in resistance over time. 

Thus overall, the CC-CNT electrode will have a higher affinity for DA due to the 

higher peak current in comparison to all electrodes, better ability to distinguish between 

the UA,DA, and AA simultaneously. Not only that a but the peak potential across all 

electrodes differed significantly and exuded batch stability. The CC-CNT electrode 

performs better in the dry condition and with the coating generated more electrical 

conductivity. The CC-GRA seem to have a high resistance baseline to begin with in 

comparison the CC-CNT, which is also true for all electrode type. In conclusion the CC-

CNT will perform better, which was as well noticed in the simultaneous detection of DA, 

UA and AA. 
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CONCLUSION 

In this thesis, we have discussed recent achievements in the development of 

dopamine sensing. Many advances have been made in the construction of sensors in 

laboratories, on the bench, leading to a wealth of information on the production of DA 

electrochemical sensors with detection limits in the picomolar range, selective and 

specific toward DA, yet easy to operate and reusable or single-use but cost-effective. The 

biosensors described above are based on chitosan and catechol attached to CNT and 

graphene electrodes, which enables electroanalytical detection. However, the analytical 

performance of some of these biosensors, for example low detection limit, clearly 

indicate that, in the presence of dominant interferents, determination of dopamine at the 

nanomolar levels characteristic of living system is sometimes possible. The situation is 

very similar for the chemical sensors used for dopamine detection. Many new materials, 

for example carbon materials (carbon fibers, carbon nanotubes, graphene), nano- 

particles, clusters (Au, Ag, Pd, Cu, semiconducting oxides, magnetic oxides, among 

others), conducting polymers, and ionic liquids, have been used for sensor construction to 

improve their performance. However, the desired nanomolar limit of detection has been 

obtained in a few cases only. 

In this work in particular, we have use a method by Wrinklier et al. [73] by 

blending two chemicals, chitosan and catechol, for a new composite to be synthesized as 
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coating on carbon nanotube and graphene electrodes. Chitosan played a key role as 

dispersant and stabilizer in the composite such as seen in the modified graphene and CNT 

electrodes. By adjusting the electrodeposition values, well dispersed and stabilized 

electrodes were fabricated. The electrochemical investigation of the application of 

chitosan and catechol on the graphene and CNT bare electrodes showed novelty in using 

CV as a technique for successful deposition of chitosan and catechol and simultaneous 

detection of AA, DA and UA. It generated excellent electrochemical catalytic activities 

towards AA, DA, and UA compared to the bare electrodes and other electrodes studied. 

In addition to that, well defined voltammetric responses where observed in the 

simultaneous detection of AA, UA, and DA. The chitosan-catechol CNT composite in 

particular shows good electrochemical catalytic activity to the reactions studied by 

considerably decreasing the over-potential of the oxidation reactions studied. The 

excellent electrocatalytic properties of the composite may also be used in other 

electrochemical studies. 

Moreover, the electrochemistry of the encapsulated critical and chitosan  is 

reversible  and the material is promising for the development of chitosan-catechol CNT 

and graphene biosnesor. This is due to the great response time, increase operational 

stability results and high reproducibility. The potential of this coating approach for 

neuroelectrode applications is further validated through the coating persistence and the 

fact that delamination was not observed for up to two months in the provided conditions. 

We intend to test miniaturized electrodes with the same coating process, and with 
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neuronal-glial cultures, in order to further characterize these biosensors for biological 

applications. 
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